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ABSTRACT (VOLUME II) 

(C) Three hoe-firing aerodynaadc spike nozzle programs are described. 

One program had as its objective to obtain a large background 
of par'imetrie hot-firing aerospi.ee perforaance data. Performance 
data were obtained over a range of pressure ratio from approximately 
350 down to 22. Thirty 6-second each duration firings, 10 et. 
near sea level conditions and 20 over a range of high pressure 
ratio, were conducted. Secondary flowrate was varied from 
zero to 5 percent of primary flowrate and supplied by a gas 
generator utilizing H 2 °4 / UIKE-N^(5C-50) propellants. 

G.G. mixture ratio was varied from approximately 0,10 to 
0.16 at 3 percent secondary flowrate to determine the effect 
of secondary gas energy level. The 12 percent length 
aeronpike thrust chamber had ar. area ratio of 26 and genetated 
approximately 7400 pounds of thrust at design altitude and 
3Cb psia chamber pressure. Gains in nozzle efficiency 
were noted with the use of up t.o 3 percent secondary flow- 
rate. A high degree of altitude compensation wan noted with 
this engine down to a pressure ratio eq’tal to approximately 
12 percent of design pressure ratio (approximately 300), 

A complete tabulation of performance is given. For the eecond 
program, the nozzle section of the above engine was lengthened 
to 25 percent (of an equivalent 15 degree conical nozzle) and 
modified to incorporate liquid (N-O.) side injection TVC 
capability. Thirty-three firings or 6 seconds each duration 
were conducted et altitude to determine liquid injection 
TVC performance trends with variations in injection parameters. 
Results are compared with theory and applied to typical applications. 
LIT7C performance with was generally low and other injection 
fluids and techniques are recommended. A third hot-firing test 
program was conducted to determine the influence of external 
flow on in-flight nozzle performance. An aerospike thrust chamber 
using HgOg propellants was enclosed by a simulated vehicle body* 

The engine generated £00 pounds of thrust at a chamber pressure 
of 200 psia. The 20 percent length aerospike nozzle had an area 
ratio of 25 und was tested over a range of pressure ratio from 
30 to 470 ui at slipstream Mach numbers of 0, 0.55 , 0.90, 1.20, 

1.40, 1,80 and 2.2. Fifty-seven firings of 1 minute each duration 
were accomplished. Still, air nozzle efficiency was very high 
and significant performance improvement was obtained with the 
addition of secondary flow. Nozzle performance was relatively 
unaffected by slipstream In the nozzle operating region of 
practical interest for booster engine application. 


(confidential abstract) 
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abstract (voluhe z) 


Investigations of the aerodynamic spike nozzle concept 
are discussed in t.:is report. These investigations 
include experimental cold-flow testing of high-area 
ratio aerospikes, aerospike nozzles with various 
combustor configurations and various size segments 
of aerospike nozzles end parametric analytical 
ap'lic- tier, studies for the nozzle concept. One cold-flow 
test series investigated the performance of very high 
erea ratio ( £ = 150) short length aerospike nozzles 
using helium as the test fluid. A ten percent length 
contoured rozzle and a six percent length conical 
nozzle were tested. Theoretical and experimental 
performance results are presented. The second cold—flow 
tost series determined the performance of a series of aero¬ 
spike nozzles having various combustor configurations. 

The effect of nozzle base bleed and intermodule bleed 
on performance was investigated. Combustor configurations 
consisted of shrouded and unshrouded continuous annular 
(toroidal) combustors and multichamber configurations 
with eight and sixteen discrete conventional combustors 
clustered around a common spike. Spacing between chambers, 
spike length, and engine shrouding were varied for the 
nultichamber configurations. All nozzles had an area 
ratio of 50. Theoretical and experimental performance 
results are presented. A third cold-flow test series 
investigated the relative nozzle wall and base pressures 
for < 15 , 90 , and 180 degree segments of an aerospike nozzle 
compared to a full annular aerospike. Experimental 
reeultsare presented. Analytical and design studies . 
were made to determine effective methods of utilizing 
toroi al and multichamber constructions for aerodynamic 
spike configurations over a wide range of thrust level, 
chamber pressure, ar.d nozzle area ratio. Design 
layouts at several thrust levels of interest are presented. 
Heat transfer studies establishing cooling feasibility 
.md parametric weight studies are described. Combustor 
effects on nozzle performance are discussed. 


(unclassified abstract) 
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SUCTION I 


mraoiucnoN 

As discussed in VoIum X of this report, ths aeroepiks nozzle represents 
a departure free conventional conical or bell nozzles. There ere 
b any advantages over conventional nozzles inherent in the aero»pUce 
nozzle concept, ine results of contract AJ04(6ll)-9948, presented 
in Tnlin X end XX of this report, represent effort designed to 
verify and quantify such advantages. 

The overall approach included theoretical studies, cold-flow experiments, 
and hot-flow experiments. Specific goals of the study weret , 

1) to evaluate aerospike nozzle performance characteristics 
at high area ratios, 

2) to compare methods of applying the concept to advanced 
vehicle configurations, 

3 } to demonstrate basic nozzle performance by means of hot-fixing 
testa, 

4 ) to evaluate the hot-firing thrust vector control characteristics 
Of an aerospifce nozzle using Liquid side injection, 

5) to evaluate hot-firing aerosjdke nozzle performance in a 
typical flight environment (slipstream) 

6) to analytically investigate nozzle base bleed configurations, 
and perform a hot-firing demonstration of a promising 
configuration, and 

?) to perform a cold-flow investigation of aerosplke nozzle 
. segment performance. 

Volume X of this report presents ths results of ths cold-flow test 
programs and the analytical and deoign studies. This voluae, Voltme IX, 
presents the results of the hot-firing test programs* 





The aerodynamic apika nozzle performance oharacterintics investigated 
in the hot-firing tasks (i.e., basio still air performance vs altitude 
and secondary flow parameters, fluid side injection TVC performance, 
and performance in slipstream had previously been studied in oold-flo* 
programs under this (Volume l) end other contracts, and internal research 
and development funding. Correlation of hot- and cold-flow test results 
serve to substantiate theoretical methods and enables the prediction 
of hot-firing nozzle performance from relatively inexpensive cold-flow 
test data. Therefore, the hot firing test results from this program 
are compared to applicable previous cold-flow test results. 

Although the results of the tests are presented, interpreted and applied 
to some practical cases in this report, the principal value to he 
derived from this report will come from the detailed documentation 
of test results. It is expected that these data shall he referred 
to frequently in future studies of aerodynamic spike nozzles. 
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section n 
SUMMARY 


Three hot-firing aerodynamic spike noztie progress were conducted under 
Air Force contract AF04(611)-0048. Each program Investigated a different 
are* of interest in characterising aerodynamic spike noxsle performance, 

A 12-percent length aero spike thrust chamber generating approximately 7100 
pounds altitude thrust with KjO^/OIUH-^H^ (50-50) propellant* wee tested 
over a pressure retio rang* from approximately 22 to 350* The objective 
of this program was to obtain a large background of basic aero spike hot- 
firing performance data. The noxsle portion of the above engine was 
lengthened to 25 percent and modified to incorporate liquid (NgO^) aide 
injection TVC capability. An extensive series of testa was conducted at 
altitude to determine liquid injection performance trends with variations 
in Injection parameters. A third hot-firing program investigated the 
effect of external flow (slipstream) on aerosplks nettle performance. 

A 400-pound thrust aarospikd thrust chamber utilising EjOj propellants 
was enclosed in a simulated missile body and fired over a range of altitude 
and Mach number conditions. A schedule showing the time periods during 
which the actual testing for the three programs was accomplished Is 
shown in Fig. 1. 
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in parentheses designate the number of tests accomplished. 

Figure !• Hot-Firing Program Test Schedule 
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TWELVE PERCENT LENGTH NOZZLE PROGRAM 

(u; In July 1964* a program was initiated to demonstrate the aerodynamic spike 
nozzle concept vitb a hot-firing nodal and to obtain an extensive compila¬ 
tion of basic parametric performance data* At that time essentially no 
hot-firing performance data existed for this net* noztie concept and per¬ 
formance for proposed new aerospace rocket engines was estimated from 
cold-flov data. The objective of this program was successfully accomplished 
with the achievement of valid test data'- from 26 thrust chamber firings of 
approximately 8 seconds each duration. 

Scope 

(u) Two water cooled and one uncooled aero spike thrust chambers were fabricated. 
The combustion chamber and nozsle geometries wore identical for the two 
thrust chamber types except the water cooled version had a 12 percent 
length nozzle and the uncooled version had an 8 percent length nozzle. 

The same Injector was used in both versions. The uncooled chamber was used 
for Injector checkout teats (at Rocketdyne faoility) of 0.5 to 0.8 seconds 
duration (Fig. 2 ). The water cooled thrust chamber assembly (Fig. 3 ) 

was used for relatively long duration (to 8 seconds) data firings at sea... 
level (Rocketdyne) and at altitude (Arnold Engineering Development Center). 

(c) The thrust chambers utilized N2O4/UEMH-N2H4 (50-50) propellants in both 
the primary chamber and in a gas generator which supplied secondary bleed 
gas into the nozzle base region. The uncoolad chamber was tested at 
chamber pressures from 300 to 500 psia, and the water cooled chamber was 
nominally operated at 300 psia (approximately 7400-pound thrust at design 
altitude), after three initial firings (to 5 seconds duration) at 400 psia. 
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b. Injector Chaclcout Firing 



a. Installation, Sugar Stand, Propulsion Research Area, 
Santa Susana Field Laboratory 

Figure 2 , Ttocooled Aerospike Thrust Chamber 
6 







fc«. A2DC Installation, Rocket Test Facility, J-2 Cell 










(tJ) The test progr a m vaa conducted In the following five phases* (1) A series 
of 33 gas generator tests (with a high flowrate and a low flowrate gas 
generator) was conducted to establish operating characteristics over a 
range of flowrates and propellant mixture ratio} (2) Tea uncooled thrust 
chamber firings with thres injector configurations were conducted at saa 
level to obtain an injector suitable for use in tho water cooled hardware; 

(3) Ten sea level firings with the water cooled TCA 1 were conducted to 
establish hardware integrity and operating characteristics and to obtain 
low pressure (PR * 22 to 29) ratio performance data over a range of 
secondary flowrates (0 to 5 percent); (4) Seventeen TCA firings were 
Achieved over a range of high pressure ratios (PR = 35 to 350), secondary 
flowrates (0 to 5 percent), and gas generator mixture ratios (0.09 to 
0*18) to obtain parametric performance data; (5) Three constant altitude 
firings were conducted with a perforated nozzle base configuration to 
evaluate the effect of secondary flow injection configuration on performance. 

Results 

(u) The 33 gas generator teste successfully characterized the combustion. 

efficiency over a range of mixture ratios from .05 to .185 and flowrates 
from 0.$ lbe/sec to 2.8 lbs/sec. 

(c) Pive uncooled thrust chamber firings of 0,5 second duration wera made with 
the first injector configuration at chamber pressures from 300 to 500 psla. 
All tests showed high frequency (2300 cpB) chamber pressure oscillation! 
with a peak to peak amplitude of approximately 50 percent of chamber 
pressure. This injector was aodlfisd slightly by tapering and shortening 
the injector baffles and by plugging fuel orifices adjacent to the baffles. 
One test was made with this configuration at 410 psia chamber pressure. 

A low frequency (530 cps) frequency instability with a peak to peak aaplltude 
approximately 75 percent of chamber pressure was experienced. 

1, Thrust Chamber Assembly (TCA) 

mum 




(C) A redesigned injector configuration was constructed and four uneoolsd 
thrust c’laaber tests were conducted at chamber pressures fror 300 to 
450 psia. No measurable chamber pressure oscillations were experienced 
in any of these testa and the injector was found suitable for use la the 
water oooled hardware. 

(c) Nine sea level tastj and seventeen altitude teats wars accomplished with 
the water cooled thruat chamber to evaluate the effect of secondary flow* 
rate and secondary gas energy level on nozzle performance. A nocsle 
efficiency, Cy, of 96.0 percent was achieved with no secondary flow at 
design pressure ratio ('"''300). The addition of from 1 to 3 percent 
secondary flow increased nozzle efficiency at design prossure ratio to 
approximately 96.5 percent. Haxlmum efficiency gains of about 1.5 percent 
were achieved at intermediate pressure ratios ( ~120) with the addition 
of from 1 to 3 percent secondary flow. Over the low pressure ratio rang*, 
from 35 to 22, performance with and without 1 to 3 percent secondary flowrate 
was about the same. 

(c) No significant difference in performance v/as found among the different 
energy level secondary flows. A high degree of altitude compensation waa 
obtained over a pressure ratio range from 500 to 35. Nozzle efficiency 
decreaaed from 96.0 to 93.8 over this pressure ratio range. 

(c) Throe 8-second duration tests were made with a perforated base plate mounted 
at the nozzle exit plane. Operational difficulties with the gas generator 
prevented determination of the secondary flowrate for all three tests, 
low frequency (487 cps) combustion instability in the primary thrust 
chamber was experienced during the second test. Hardware damage was 
sufficient to preclude further testing to evaluate base configurations. 
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UqCID (Hj0 4 ) SICE INJECTION TVC FB0G2UM 

(c) Re-sent advance* 1b rocket englee technology have reeulted in a need far 
Increased study of neane for providing directional thru at control for 
future generation rocket engines. Secondary injection of fluids into tbs 
engine exhaust streams has proven to be an affective and efficient method 
of thrust vector control (TVC) in several present applications) ini cold- 
flow testing, complemented by analytical system studies, has shown that 
this is also a competitive TVC technique for advanced aerospike engines. 

The objective of this investigation vas to supplement current aero spike 
TVC technology by providing sufficient hot-flow liquid (R20 4 ) injection 
TVC test data to establish design criteria and anable quantitative per¬ 
formance evaluations for future high-thrust aerospike engines. The objective 
vas successfully accomplished. 

Scone 

(u) A test program was formulated so that the liquid injection TVC technique 
could be studied using a modified version of the 12 percent length, 
N^ 4 / 0 TKH-K 2 H 4 ( jO- 50) aero spike thrust chamber. All thrust chamber 
assembly components except for the inner nozzle were identical. Perform¬ 
ance testing vas conducted at altitude at the Rocket Test Facility (J-2 Cell) 
at Arnold Engineering Development Center after sea level checkout testing 
at Rocketdyne (Pig. 4 ). 

(c) Chamber pressure selected for the TVC testing was 200 psia with an attendant 
vacuum thrust level of 5600 pounds. Area ratio of the aerospike nozzle 
was 25 and the axial length was 25 percent of an equivalent 15-degree 
conical nozzle* Xnj action of the TVC flow was effected through orifices 
located in uncooled contoured flow rings which comprised the aft section 
of the nozzle* 
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(u) Four uncooled flow riura lnccrporating 29 different injection pattern* ware 
fabricated to inveatigate injection paraaetera which could influence TVC 
performance. Theae configurations enabled the experimental evaluation of 
(1) constant-velocity injection flowrate variation, (2) axial location of 
the point of injection, (3) angle of injection with reapect tc the noasle 
contour, (4) one, three, and five-port injection patterns, (5) spacing 
between holes in an injection pattern, (6) angle of impingement of 
adjacent holes in an injection pattern and (7) injection velocity varia¬ 
tion at constant flowrate. 

(c) Thirty-three firings of 6 seconds each duration 'fere conducted at altitude to 
establish engine performance without TVC, and to determine LITVC performance 
trends with variations in the injection parameters. Five sea level checkout 
tests of from 1/2 to $ seconds durations were conducted at Rocketdyne prior 
to the altitude testing. The thrust efficiency of the engine was 
95.1 percent for V^/Wp * 0 and 95.2 percent for ifg/ifp = 0.017, Combustion 
efficiency (tic*) was nominally 89 percent throughout the program. 

f 

(c) A semi-emplrical blast-wave theory wae utilized in conjunction with experi¬ 
mental data from various sources to provide a basis for selection of SITVC 
test configurations. Testing of these configurations established that 
measured LITVC side-force efficiency trends with an aerospike are similar 
to those expected on the b&ai* of preliminary analysis* injection near 
uhe throat provides higher side-force efficiency than injection near the 
nozzle exit, or.ltlpla-port inclination has no influence on LITVC perform¬ 
ance n the range tested near the nozzle exit, and parallel stream injection 
affords higher performance than radial stream injection at both locations 









studied* Control moment and nozsle specific impulse efficiency trends 
tiers found to be dependent upon the engine-vehicle geometric relationship* 
These efficiencies followed trends established by the aide-feree efficiency 
fcv‘ boost vehicles (r a /h = 0.25), but lu some cases optimised differently 
for upper-stage configurations (r^/h 3 1*0)* 

(C) Comparison of the side-thrust efficiency TVC data obtained in this program 
with that obtained from other nossles revealed that LITVC performance with 
an aerospike ia equal to or leas than »Ath other nozzles, because of the 
relatively short length of the aerospike. The level of side thrust efficiency 
for N 2°4 injection established through this testing vat also found to be 
lower than that estimated using the blast wavs analysis in conjunction with 
an empirical coefficient obtained fa- gas injection into flow over a flat 
plate. It was necessary to revise this coefficient to obtain quantitative 
agreement between theory and experiment for the configuration tested. 
Application of the test data to full-scale engine systems showed that 
liquid injection may be competitive with gas injection under certain 
conditions. In general, fuel injection provides higher in-flight engine 
specific Impulse efficiency but lower density impulse than oxidizer 
injection if vaporization and reaction do not occur within the nozsle. 

(c) On the basis of these results, it is recommended that the relative merits 
of liquid injection TVC be investigated through comparative systems 
analysis uning the conservative performance estimates presented herein for 
full-scale engines. It Is also recommended that improved LITVC designs 
such as a bipropellant injection technique be studied, end that the 
performance and operating characteristics of attractive systems be evaluated 
through large-scale environmental hot-flow testing. 
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SLIF STREAM PROGRAM 

(c) Because of interaction which ocoura between external and nozzle flova, 
vehicle base flow oharactariatlca ancountarad in missile flight differ 
fra* those prevalent in quiescent air nossla performance investigations. 

These base flow characteristics are of little consequence with conventional 

mettles since the expansion process is Internal in this case] that is. > 

th* exhaust gases within the nossla are shielded from the external flow 

by the physical expansion surface provided by the nosale. However, with 

an aero spike no tale, the external expansion boundary is formed by a gas- 

gas lnterfaoe, and is influenced by flow interference effects. Since the I 

position of this outer boundary in the flow affects aerospike nozzle 

performance at low pressure ratios where the base pressure follows changss 

in sablent pressure ("open wake"), the presence of an external flow can 

affect aerospike performance under certain conditions. Previous cold- 

flow tasting conducted under contract HAS 8-2654 (Ref. 21 ) established 

that the effeot of external flow is snail and is confined to s narrow 


range of in-flight operating conditions. Experimental study of these 
effects was continued under contract AFQ4(6ll)-9948. The primary objective 
of this program was to confirm and extend, through hot-flow testing, the 
results obtained In the cold-flow slipstream study, A secondary objective 
was to evaluate the effect of base bleed flowrate on nozzle still air 
performance. 


(c) A hot-flow test program was conducted to determine the influence of external 
flow on in-flight aerospike nozzle performance. A hot-firing aerospike 
ongine using hydrogen peroxide propellants was enclosed by an aerodynamic 
fairing constructed in the shape of a missile body to simulate an actual 
flight configuration. The engine generated 400 pounds of altitude thrust 
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at a chamber pressure of 200 paia. An aerospike nozzle with an araa ratio 
of 25 and a length equal to 20 percent of an equivalent 15 degree oonical 
nozzle vaa utilised to control the expansion of engine exhaust gases. The 
secondary flowrate was 0.8 percent of the primary flowrate for all teats 
with external flow. Testing was conducted in the 16-foot transonic and 
supersonic propulsion wind tunnels at Arnold Engineering Developaent 
Center (AEDC), Installation of the model In these facilities is shown 
in Fig. 5 . 


Results 

(c) Fifty-two tests of approximately 1 minute each duration were conducted t# 
obtain still air and slipstream performance trends in the transonic and 
supersonic wind tunnels. Valid data was obtained from only forty of 
those, however, because of a seal failure and excessive model leakage. 

In addition, five teats were conducted in the transonic facility to demon¬ 
strate engine performance trends with secondary flowrate. Results of these 
tests confirmed that high quiescent air performance (approximately 98 per¬ 
cent of ideal at design pressure ratio) can be obtained throughout a 
representative range of pressure ratios with a properly designed aerospike 
nozzle. The addition of secondary flow proved beneficial at all pressure 
ratios. It was found that the correct experimental performance level and 
trend with pressure ratio could be estimated abcve pressure ratios at 
which nozzle recompression occurs using previously developed semi- 
eapirical base pressure relationships in conjunction with a potential 
primary flow analysis and viscous drag computations. 

(c) Nozzle performance was found to be unaffected by external flow in the 

"closed wake" pressure rstio region (pressure ratios at which nozzle base 
pressure is constant in still air). At low pressure ratios ("open wake”) 
performance of the model tested decreased at a rate which was dependent 
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on free stream Mach number rnd chamber pressure ratio. When strong 
flpv interaction effects occurred, they were found to result in relatively 
high nossle base pressure, which was also shown by previous cold-flow data. 
When flow interaction did not influence nozzle base pressure, both hot- 
and cold-flow nossle performance data correlated with the "effective" 
chamber pressure ratio, Pq^Bv * 0n tha haeia of this result, it was 
concluded that: (l) missile base pressure approaching ambient pressure 
will result In nossle efficiency in slipstream nearly identical to that 
obtained in still air, and (2) strong slipstream-primary flow interaction 
results in relatively high in-flight nozzle performance. 

(c) In-flight performance estimates generated under severe assumptions 

demonstrated that the time-integrated external flow effects over a typical 
mission result ir. a change in average specific impulse (I fl ) of less than 
0.2 percent. Boat*-tailing, mass addition to the missile wake flow, and 
reduction in missile base area are shove to be effective methods of 
reducing these effects still further. 
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section hi 

PERFORMANCE EVALUATION OF a HOT-FIHING AESOSPDffi NOZZLE 


INTRODUCTION AND SUNKAHI 

(U) In July 1964, work was initiated on the design and fabrication of a hot- 
firing aerodynaiaic spike nozzle. At that time, essentially no Lot-firing 
performance cUta existed for this new nozzle concept* Basic performance 
for proposed new rocket engines utilizing this new nozzle concept was 
based upon data obtained from cold-flow tests. This program was initiated 
to provide a substantial background of parametric hot-firing performance 
data with an aerodynamic spike nozzle configuration and to correlate 
these date with cold-flow data* The specific objectives were to determine 
the performance of an aerodynaiaic r.->ika nozzle as a function of nozzle 
pressure ratio, secondary gas flowrate, and secondary ges energy level* 

A secondary objective was the determination of nozzle base thermal environment. 

(C) A 12 percent length truncated ideal spiko nozzle thrust chamber with m 
area ratio of 25 was constructed and tested at dockstdynw Propulsion 
Field. Laboratory at near sea level conditions and at varying altitude 
conditions at the Rocket Te3t Facility (j-2 cell) of Arnold Engineering 
Development.Center. The thrust chamber utilized HgO^/UIlffi-N^CSO-SO) 
propellants and generated approxiru».;f.ly 7400 pounds thrust at design pressure 
ratio; A gas generator utilizing uiu same propellants supplied secondary 
flowrates from 0 to 5 percent of tha primary flowrate to the nozzle 
base region* 

(u) To* sea level firings and 20 altitude fixings were accomplished. The 

basic pro {from objective of supplying a large qu mtity of aeroeplke nozzle 
parametric data was successfully accomplished. 
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Two water cooled thrust chambers and oca uncooled thrust chamber were 
cor-j true ted /or this test program. The water cooled chambers were used 
to r obtaining aerospike performance data in relatively long (to 8 secot^e) 
duration firinge. A geometrically Identical (except for a shorter nozzle 
length) uncooled thrust chamber with a firing duration of approximately 
0.8 seconds was used for injector evaluation and establisfcmwi of teat 
procedures. Both chamber types are of nenflightweight const* action. ' 

Sates^2l£i.ItoalJBMaba£ Aa&mW, 

The water cooled thrust chamber assembly (IGA) is shown in Bigs. 6, 

7 and 8. It is equipped with an aerosplke nozzle having a geometric 
area ratio o+ approximately 25 (defined as the ratio of the area enclosed 
jy in Fig. 6 to the measured throat area)* The nozzle length from the 
throat to the exit plane is * 2 percent of the length of & 15 degree 
conical nozzle har»*.g the a m area ratio and throat. Betas area (defined 
by in Fig. 6) and design throat area of the nozzle are 167.5 i*#*“ and 
It.9 in. 2 , respectively, 

The TCk is composed of an annular injector, inner end outer combustion 
enember casing sections, ipner and outer nozzle throat sections, and a 
nozzle bt. ie p3.ate (Fig. 6) which attaches to the iruer throat section 
to enclose the nozzle base region. A gas genex tor (GC) for introducing 
secondary gas flow into the base region ia attached to the upstream aide 
of the base plate. Overall length, diameter, end weight of the TCA 

(with GG attached) are approximately 37 in., 34 la., and 250C lb * 

a 

respectively. Thrust ox tht. TCA at the design nozzle pressure ratio 
(12, ^) of 300 ia 7400 lb^,. • nominal test duration and combustion char' ur 
pressure are 7 to 8 seconds and JJ90 psia, respectively. 
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(c) The TCI utilized the two hypergolic propellants* nitrogen 

tetroxide (J^O^) **** 80 ec l' aa ^ gravimetric mixture of hydrazine (H^) 
and unsymaetrioal dime thy lhi'drazine (NgHg [CH^ ] . Required toted 

propellant flow rate is approximately 27 lb^aec at a nominal mixture ratio 
(O/F) of 1*8. Design total flov rate range of the GG is from 1 to 5 percent 
of the TCA flov rate. Operating pressure of the GG* using the same pro¬ 
pellants as the TCu at a nominal mixture ratio of 0.1* is from 10G to 400 psia 
depending on the flowrate. 

Injector. 

(U) The TCA injector is constructed from type 547 stainless steel with stainless 
steel oxidizer and copper fuel ring inserts brazed into slots in the 
injector face. Three injector configurations were tested before satisfactory 
combustion stability vau achieved, 

(U) Injector No. 1 (Fig. 9a ) had an annular three ring self-impinging 

doublet injection pattern. The outer and inner rings were for fuel injection 
and each contained 119 elements with orifice diameters of 0.025 i • All 
fuel fans were oriented in a position parallel to the adjacent chamber or 
baffle walls were thus oriented parallel to a radial line. Each fuel 
element wa3 offset from the fuel rings centerline radius a distance of 
t 0.025 in. in an alternating ^.lua or minus murner. This prevented 
fan edge interference cf adjucont fuel elements. 

(u) The oxidizer ring (center ring) coneisfced of 210 elements with orifice 

diameters of 0.031 in. All fans were oriented pt a 75 degree angle with 
a radi'l line to prevent fan interference of adjacent oxidizer elements. 

The spacing between rings was nominally 0,544 in. The injector was 
• divided into sevan equal peripheral oegmenta by two-ir.ch thick baft les 
brazed to its face. A section of the injector face near a baffle is 
shown in Fig. 9c. A detailed drawing of the injector is shown in Fig. 10* 
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(u) Injector m»ber 1 was subsequently modified to in.leotor number li. (Fig. 9b) 
in an effort to eliminate high frequency combustion instability. The 
modification consisted of tapering and reducing the length of the baffles 
from 4 inches to 3 inches. In addition, the fuel elements adjacent to 
the baffles wore brazed shut. This injector exhibited an unsatisfactasy 
loir frequency instability. 

(tj) The injector pattern was redesigned ar.d satisfactory operation was 
achieved with injector umber 2 (Figs; 11 and 12). This injector vas 
used for all water cooled hardware tests. Injector number 2 is divided 
Into thirteen equal compartments by uncooled OKIE copper baffles ( 4 inches 
in length by 1-J- X 2 inches in cross section) braxed to the injector face. 

The baffles are the only pert of the engine assembly which run uncooled, 
and thus are the limiting factor on test dur«? 4 ion. They were designed 
for 10 sec code duration at 500 psia chamber pressure. 

(u) The injector pattern (Fig. 12) consists of 208 pairs of like-on-like 
doublet elements. There are 16 element pairs in each of the 13 baffle 
compartments. Oxidizer and fuel orifices are 0.031 and 0.026 in. 
diameter., respectively. 411 fuel elements are canted 20 degrees toward, 
the central oxidizer zing. Each fuel ring contains a single afovr of 
elgit doublet elements per compartment. Oxidizer elements are directed 
perpendicular to the injector face and there are two rows of eight doublet 
elements per compartment in the single ring. The propellant je+ impingement 
point is 0.150 in. from the injector face for all elements. The 
spacing between fuel aid oxidizer fans in an element pair is set at 
0.040 in. Injector elements are equally spaced on the inner fuel ring 
only. However, the pattern is symmetrical about a radial line through the 
center of the baffled compartment. 
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The inner and outer throat and casing sections (Tig. 6) are fabricated from GFHC 
copper. The sections bolt to the injector to form an annular combustion 
chamber with bq inner diameter of 23*2 in., an outer diameter of 27.3 in., 
and a length of approximately 7.3 in. Leakage of gas from the chamber 
is prevented by the use of single O-ring seals at each section-to~section 
or injoctor-to-eoction interface. Cooling of the combustion chamber 
walls is accomplished by flowing watei tiirough 5/16 inch diameter axial water 
passages (88 and 112 passages in the inner and outer sections, respectively) 
in the gas side walls. Eight isolated internal manifolds are located 
fore and aft of each casing. Water is supplied to and returned from the 
casings through sixteen feed holes in the injector body. Tin combustion 
chamber gas side walls are gold-plated to prevent erosion of the copper. 


The inner and outer throat sections are so constructed (with OKIC copper) 
that, when these sections are properly attached to the remainder of the 
TCA, an annular throat, having a mean diameter and nominal gap cf 22.1 
and 0.215 in., respectively, is formed (Fig.6 ). The inner side of the 
outer throat section has a contour immediately downstream of the throat 
with sufficient divergency (30 degrees) to ensure flow separation and 
thereby free expansion of the outer exhaust plums boundary at the nominal 
operating pressure ratio (PE ) range of the nozzle. 
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(u) Cooling of the inner and outer throat sections was accomplished by flowing 
water through a series of continuous circumferential coolant slots (fourteen 
and seven slots on the honor and outer throats, respectively) located 
0.15 to 0.25 in* from the gas side surface. Water from the casings 
enters each throat section (inner and outer) through four manifolds. Each 







manifold contains a set of drilled holes leading into the circumferential 
coolant slots. Water flows through the slots in each circumferential direction 
from t'ne inlet holes over an arc of 45 degrees to the adjacent outlets. 

The flow returns through four (in each throat section) Bain throat outlets, 
the casing, and injector ports. Flow distribution in the throats is 
accomplished by varying the sizes of holes feeding each slot, directing 
the majority of the coolant water into the critical areas. The cooling 
circuit is symmetrical so that the casings and throats may be rotated 
relative to each other and to the injector without affecting the intended 
flow distribution. Gas side walls of the inner and outer nczzlt throat 
sections are also gold-plated to minimize hot-gas erosion. 

gas, .fansratet 

(c) The gas generator (Fig. 13 ) was constructed entirely of type 347 stainless 

steel and consisted of two interchangeable injectors, a single combustion 

ci-wm^r casing, an internal flow mixer and two interchangeable throat orifices. 

Una injec or end a matching orifice (low-flow GG) were used for firings 

requiring secondary flow from 0 to 3 percent of primary flow; the other 

injector-orifice combination (high-flow GO) was used for firings requiring 

3 to 5 percent secondary flow. The injector orifices were sized for these 

percentages of a primary flowrate of 41.6 lbs/sec (P c = 500 psia). However, 

actual ordinary flowrate was nominally 27 lbs/sec (P = 300 psia) for the 

c 

majority of the tests. The correspondingly derated flow conditions for the 
gas generator did not noticeably- affect combustion efficiency of the high 
flowrate system. However, the ombustion efficiency of the low flowrate 
gas generator wa3 10 to 20 percent lower with the reduced flow. 
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Figure 13. Cm Generator Asaenbly 




(?) The injector pattern of both injectors provides four fuel stream 
impi ng i n g on one central oxidizer stream. Both injectors contained 
five pentad elements* To insure good miring and cuebustion a high 
chamber 1* (l/* » 150 to 450 inches depending on the flew control orifice 
used) and an internal floe deflector were used. 

Co) The GO sections were bolted to the baae plate with the diffuser a nd orifice 
downstream aids of the plate and the chamber section and injector cc 
the upstream aid# (Fig. 6), The GG was pressure fed and required 
oxidizer and fuel supply systems separate from the TCI systems. 

Operation of the uncooled GG at relatively low mixture ratios (o/P ** O.l) 
prevented tbe metal surfaces from exceeding their design temperature of 
1800 degrees P, 


(u) Two baae configurations were employed for injection of secondary flew. 

A hat shaped diffuser (Fig. 14) constructed of 347 stainless steel was 
used for all tests except the last three • (AD test aeries at 4E&C). Four 
-}■ inch holo3 diffused the GG flow (secondary flow) radially outward 
into the base cavity. 

(u) Prior to the last test series this diffuser was modified by plugging 
the ! inch holes and replacing them with twenty-might inch radial 
holes. The modified diffuser was installed along with the perforated 
base plate for the AD test series. A perforated bass plate was fabricated 
and bolted to tbs nozzle exit face for use in the AS> test series. The 
baae plate was constructed of -jr inch 347 stainless steel and contained 
578 holes of 3/32 inch diameter. An extensive series of steady state 
tests at AEDC with ttie perforated plate and the modified flow diffuser 
were planned. However, operational difficulties and hardware damage 
prevented tho obtaining of satisfactory data with either of the later 
base configurations. 
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(U) 4 solid wall, uncooloi thrust chamber (Fig. 1$ ) was -used for evaluation 

of injector performance and checkout of operational procedures. The uncooled 
chamber is dimensionally identical to the water cooled configuration with 
the exception that the nozzle length was eight percent instead of twelve 
percent and the base diameter was therefore larger (base area of 201 in 2 ). 
The chamber casings are constructed of 347 stainless steel and the nozzle 
sections are constructed of OFHC copper. The inner nozzle was plated with 
« thin dense chrome coating. The thrust charter is capable of approximately 
0.6 second firing durations at 300 psia chamber pressure. 4 base plate and 
gas generator were mounted to the inner nozzle in a manner similar to 
that employed with tlie water-cooled thrust chamber. 


(u) Fluid fittings provided on the thrust chamber assembly consist of four 

primary fuel inlets, four primary oxidizer inlets, one secondary arriMiw 
inlet, one secondary fuel inlet, eight water inlets (fear for the lamalnm 
and four for the outer annulus) and eight water outlets. The fitting 
locations and the fluid flow paths are illustrated schematically In Fig. 16 • 

TEST INSTALLATION 

(u) ‘i- irty-three gas generator tests, ten uncooled thrust chamber tests and 

ten water cooled thrust chanter tests ware conducted at Hockstdyne sea 
level facilities. Twenty water cooled thrust chamber firings were 
accomplished at the altitude facility (Rocket Test Facility. J—2 Cell) 
of Arnold Engineering Development Center (iEDC). 
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Figure 16. Hot-Firine Aerospike Engine Flows 












3ft« Level Test Installation 


(u) S«a level teats with the GO and with the uncooled and water cooled TCA'a 
were conducted on Sugar Stand at the Propulsion Research Area of the 
Santa Sue ana Field Laboratory. She horizontal firing thrust structure (Fig. 17) 
vaa newly constructed for this test program. The engine assembly 
attaches to the main support pylon which is attached by axial and yaw 
flexures to the main support stand. The aft section of the engine is 
supported by structure having only axial flexures. 

(tj) The propellant system (Fig. 18 ) included a 300-gal primary fuel tank, 
a 200-gal primary oxidizer tank.43-gal secondary fuel and oxidizer 
tanks, a gaseous nitrogen pressurization system, and the required 
valves and fittings. Gaseous nitrogen systems were also provided for 
system purging and secondary propellant and water valve actuation. A 
hydraulic system was utilized for primary propellant valve actuation. 

Coolant water was supplied from a nitrogen pressurized 800-gal tank. 

Control of both propellant and coolant water flow was obtained by 

the use of automatic preset pressure regulators in the tank pressurization 

systems. 

Altitude,Tgg.t IngtaUat ion(AgDC) 

(U) Propulsion Engine Test Cell (j-2) (Fig. 19 and 20 sad Ref. 25 ) is a water- 
jacketed test cell, 20 ft. in diameter, used for captive horizontal 
testing of propulsion systems at pressure altitude conditions. J—2 
is capable of producing constant pressure altitudes in excess of 100,000 ft. 
by the use of parallel primary and secondary steam ejector-diffusers 
''perating In series with the RTF facility exhausters. However, for tn<? 
test program, nozzle pressure ratio transients (hence teet cell pressure 
transients) were obtained by essentially isolating the test cell and 
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figure 17. Onoooled Thrust Cheater Installation and Firing on Sugar Stand 
(Propulsion Research Am, Santa Susans Field Laboratory) 
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allowing engine exhaust gases to increase test cell presu me during the 
firings. Test cell isolation was obtained by valving-off the primary 
exhaust duct end or if icing the inlet to the secondary exhaust duct. 

Both the range and gradient of the transients wore controlled by the 
use of two remotely interchangeable exlutust inlet orifices and the 
inblecding of steam into the test cell during the firings. Desired 
pre-firing test cell pressures were obtained by setting pumping ratios 
on the facility exhausters. 

Firings requiring constant nozzle pressure ratios (constant test cell 
pressures) were conducted with the primary exhaust ducting open to the 
facility exhausters and without steam inbleed. By thus creating a sufficiently 
large test cell outbleed area, test cell pressure remained essentially 
at pre-firing levels throughout the firings. 

The engine was mounted horizontally in an engine support assembly, which 
consisted of a thrust abutment, an aft support stand, and an engine pylon 
(Fig. 21 ) • The TCA was mounted rigidly to the engine pylon which was 
attached to the aft support stand in both the pitch and ya.r planes by 
universal flexures. Axial force was measur* ' by two series-mounted load 
cells attached to the thrust abutment and th_ engine pylon by universal 
flexures which permitted forces to be transmitted only along longi¬ 
tudinal axis of the load cells. 

The propellant system (Fig. 22 ) utilized for this test program included 
primary (1500 gal) oxidizer and fuel supply tanks, a gaseous nitrogen 
pressurization system, and the required valves and fittings. Gaseous 
nitrogen systems were also provided for both TCA and GG injector purging 
and propellant vs’.ve actuation, ^ater for TCA cooling was provided by a 
high-pressure supply system (Fig. 22 ) utilizing a 1000-gal tank pressurised 
by gaseous nitrogen.Control of both propellant and cooling water flow to the 
TCA and GG was obtained by the use of automatic preset pressure regulators in the 
tank pressurization systems. 
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Figure 21 . Test Cell Installation 
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(gj Instrumentation was provided to obtain measurements of axial thrust, 

TCI and 64 combustion chamber and injector pressures, nozzle outer wall 
and base pressures, test cell pressures, nozzle base plate temperatures, 

40 combustion temperatures, propellant and cooling water flow rates, 
and propellant end cooling water system pressures end temperatures. 

Visual monitoring of the testing was provided by closed-circuit television 
and motion-picture cameras. Table 1 presents transducer ranges, recording 
Systems used for primary data acquisition, end estimated measurement 
accuracies for the AEDC test program. For the sea level test prograa 
instrumentation ranges and accuracies were similar. Eawever, all performance 
and base heating parameters (chamber pressures, flow rates, nozzle and 
base pressures, thrust, and response temperatures were recorded by a 
Beckman model 210 digital data acquisition system and reduced by 
computer program. Location of TCA and GO instrumentation is shown In 
Figs. 23, 24, 25 and 26. Location of watar and propellant system 
instnnentatian is shew in Fig. 18and 22 . 

Force Measurement 

(0) Altitude Testing. Axial t’xrust was measured using two dual-output strain- 
gage-type load cells mounted in series having ranges from 0 to 10,000 l'o^ 
an. t to 20,000 lb f , respectively. Primary data recordings of the 
load cell outputs were in frequency form on magnetic tape. Calibration 
of the thrust measuring system was accomplished by a remotely controlled 
de&iweight calibrator. The accuracy of the thrust calibrator was 
determined by comparison to a National Bureau of Standards certified 
standard to be within 0.2 percent. Overall thrust measurement accuracy 
is estimated to be within 1.0 percent. 
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TABLE 1 

PRIMARY DATA ACQUISITION SYSTEMS 
(la p raft u —A Trm Rof. 25) 


T»mjik» 
»aige 


Data CnuJWwl^ 


Ettimtaed 

Accuracy 


r«*. 1 * 

Altai 

Procure, peta 

TCA Combotioc Climber 

cc CMAmlkc Clumber 
Teat Cell 

Meta Obtatacr Tata. 

Meta Feel Teak 
Se conda ry Quirttaer Teak 
Secondary Fuel Teefc 
Water Teak 

TCA Oxidiier Supply Ltae 
TCA Fuel Supply Ltae 
CC Oaidtaer Supply 
CC Fuel Sappply Ltae 
GG Mutataer laJecUr lalat 
CC Fuel Injector lalrt 
CC Ouidlier Injector 
CC Fuel Injector 
TCA OildUer lajectar 
TCA Fuel Injector 

Mfltllt 0| * *— 

Noe ale Outer Well 
TCA OttidUer Far ye 
TCA Fuel Pur«o 
CC Printer Furge 
CO Fuel Pur ye 
TCA Water Inlet 
TCA lamer Weter Outlet 
TCA Outer Weter Outlet 
Flo« Seaeor StaUe 

Preseure Differential. paid 
TCA Weter Inner Orifice 
TCA Water Outer Or dice 
Flare Senior Upetreem 
Flour Sene or Dowuatream 

Flow lute. Ibm/aec 
TCA OxltUeer 
TCA Pawl 
CC OtddUer 
CC Fuel 
TCA Weter 
Temperature, *F 
TCA Oil ditar 
TCA Fuel 
CC Cuddlier 
GO Foal 
TCA Water lalat 
TCA lunar Water Outlet 
TCA Outer Water Otalet 
GG CoBibuatloa Gee 
Until Seat Plata 
Velra Poektaa 
TCA OxidUcr 
TCA Peal 
GG Orldii «r 
OG Paal 

Time, tee 


0-300 

0-100 

O-lt 

0-140 


e-isoo 

0-140 


Aaaloy-to-Frettoency Converter 
Aaaloy-te-rreoueacy Converter 


Analog-to-Diyltal Commutator 


MeynetU Tape 
Meynetic Taya 


tl.l pare 
AO.S pam 


T 

-p 

0-1MO 

0-10 

0-|00 

as 

el 


4-44 

3-SI 


SO-170 
0-300 


Aaaloy-to-Olyitel Commutator 


Racordlny Nu. -Balance 

Potaattametor 


Meynetic Tepa 


Aaaloy-to-Frequeacy Converter 

Analoy-to-Dlyltel Commutator 
Aneloy-to-Diyltel Commutator 


Direct 


Direct 

Aaeloy-to-Frequency Converter 


Aneloy-ta-Diyitel Commutator 
Amlof-to-Digital Commutator 


Meynetic Tape 


Magnetic Tape 

WComputrd from 
jlPruturt Data 
Meynetic Tape 

Meynetic Tape 


AO.S percent 

AI.O percent 
43.0 percent 
AI.O percent 

*I*F 


440TF 

*43*P 


Open-Clout 


0^0 


L.ghl-Siim 

Otcillcgrepk 


Light-Be am 

OtclUofrtpk 


53 









Tlgur# Thru»t Chaster Aaaaobly XsstruMetatiOB 














Outer Xoicl* JmtriuMotetion 


















0m Ctawrttor Zos^zvaeatatioa 



(tj) Sea Level Testing. Thrust was measured using a Baldwin bonded strain 

gage, load cell rated at 20,000 lb f . Calibration of the thrust measuring 
system was accomplished by hydraulically loading the system and comparing 
measurements with an in-line, strain gage type thrust ring. The thrust 
ring was calibrated at the NBS and certified to have a precision of 
*0.1 percent. Overall precision of the thrust measurement and 
recording system was determined from periodic calibrations during the 
testing to bs *G.y percent. 

Pressure Measurements. Altitude and Sea Level Testing 

(u) TCA and GO combustion chamber pressures were sensed by bonded strain-gage-* 

type transducers having ranges from 0 to 300 and 0 to 500 psia, respectively. 
Nozzle base (Fig. 23) pressures were sensed by the same type of transducers 
having ranges from 0 to 25 psia. Test cell pressures vsre sensed by 
bonded strain-gage-type transducers with ranges from 0 to 15 and 0 to 
20 psia. Propellant and water system pressures ware sensed by strain-gage- 
type transducers having various ranges (Table l). Sensing of TCA and 
GO injector pressures was by 0- to 500-psia, strain-gage-type transducers. 
Primary data recordings of all pressure transducer outputs, with the 
exception of both TCA and OG purge pressure transducers, were an magnetic 
tape in either frequency or digital form. Recordings of the purge 
pressure transducer outputs were on strip charts (recording null-balance 
potentiometers). 

(U) All pressure transducers were calibrated under laboratory conditions by 
comparison to secondary standards. Preselected precision electrical 
resistances were used in the transducer circuitry to simulate applied 
pressures electrically. The pressure values thus simulated were determined 
by comparing the outputs of the resistance-shunted transducers with 
outputs obtained during the previous secondary standard calibrations. 

Prior to an actual firing, those same precision shunt resistances were 
used to obtain calibrations of each of the pressure data recording systems. 
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(a) The precision of pressure measurements obtained using electrical resistance 
calibrations of both the frequency and digital tape recording systems 
is estimated to be within 0.5 percent. 

Flowrate , M easurements 

(u) Altitude Testing. Propellant flowrates to the thrust chamber assembly 
were measured by dual-output, turbine-type flowmeters. Two such flow¬ 
meters were installed in series in both the oxidizer and fuel supply 
lines to the TCA. Calibrations of the flowmeters were obtained under 
laboratory conditions on a flow-calibration bench using utter as the 
working fluid. 

(u) A flow calibration using water as the working fluid was made to determine 
the pressure drop-flowrate relationship for each secondary system. Tho 
pressure drop-flowrate functions thus determined were used with tank 
and GG combustion chamber pressure differentials to determine flowrates 
to the GG during the test firings, 

(u) A single, dual-output, turbine-ty^e flowmeter and two calibrated square- 
edged orifices were used to determine total coding water flowrate and 
flowrates to tho inner and outer sections of the TCA,respectively. 

Calibration of the water flowmeter was obtained in a laboratory flow 
calibration bench. The two orifices were individually calibrated in 
place using the flowmeter as a calibration standard. Pressure differentials 
across the orifices wore sensed b„ 0- to 300-paid, strain-gage-type pressure 
transducers. Recording systems and calibration methods used with the 
orifice transducers were identical to those described previously. 
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(U) The precision of pressure measurements obtained U3ing electric al resistance 
calibrations of both the frequency and digital tape recording systems 
is estimated to be within 0.5 percent. 

Flowrate Measurements 

(«) • Altitude Testing. P.opeilant flowrates to the thrust chamber assembly 

were measured by dual-output, turbine-type Ao«meter3. Two such flow¬ 
meters were installed in series in both the oxidizer end fuel supply- 
lines to the TCA. Calibrations of tie flowmeters were obtained vsider 
laboratory conditions on a flow-calibration bench using water as the 
working fluid. 

(u) A flow calibration using water as the working fluid was made to determine 
the pressure drop-flowrate relationship for each secondary system. The 
pressure drop-flowrate functions thus determined were used with tank 
and GG combustion chamber pressure differentials to determine flowrates 
to the GG during the test firings. 

(U) A Single, dual-output, turbine-tyre flowmeter and two calibrated square- 
edged orifices were used to determine total cooling water flowrate and 
flowrates to the inner and outer sections of the TCA,respectively. 

Calibration of the water flowmeter was obtained in a laboratory flow 
calibration bench. The two orifices were individually ctlibrated in 
place using tne flowmeter as a calibration standard. Pressure differentials 
across tne orifices were sensed b.. 0- to 300-psid, strain-gage-type pressure 
transducers. Recording systems and calibration methods used with the 
orifice transducers were identical to those described previously. 
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(O) Primary data recordings of all flowmeter outputs xrt rs In frequency 
form on Magnetic taps. The flowmeter data recording systems «r* 
calibrated by applying input signals of known frequency* Overall 
measurement accuracies of the secondary propellant flow data and the 
orifice water flow data are estimated to be within 3*0 percent* 

(jjj Sea Level Tenting. Primary and esoondazy propellant c nd coolant water 

flowrates were measured with single, Fisher-Porter turbine type flowmeters. 
Because of the low flowrate in the secondary oxidizer feed system, tills 
meter yar calibrated using 1^0 . ill other flowmeters were calibrated 
wltL water. The water calibrations vers corrected by the viscosity ratio 
of water to propellant to make the calibrationa applicable for the 
respective propellant. 

(Oj The precision of the propellant flowmeters was determined from periodic 
calibration to be $3.25 percent. The precision of the water flowmeter 
is within 2.0 percent (manufacturer^ certification)* 
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Saagaafeaa Keasum^W-Altttui* and Sea Level Testing 

(U) Fuel, oxidizer, and water temperatures were measured by immersion-type 
resistance temperature transducers (ATT) located as shown in Figs. 18 
and 22, Nozzle base plate temperatures were sensed thermocouples attached 
to tie base plate at locations shown in Fig. 25. 00 combustion gne 
temperatures were measured by thermocouple probes as shown in Fig. 26, 

Primary recordings of the temperature sensor data were in either 
frequency or digital form on magnetic tape. Calibration of the RTT 
recording systems and spanning of the theraocuple recording systems 
were obtained electrically. Estimated overall measurement accuracies 
of fluid temperature data are llF. Nozzle base, plate and GG gas 
temperature accuracies are ^40?. 
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(TJ) Altitude Testiiyy. A pitot-st tic flow sensor was installed near the 
TCA to determine direction and magnitude of any external flow field 
that might influence nozzle performance. Tld.3 flow sensor used a 
0- to 15-psia, strain-gage-type trannducer which measured local static 
pressure and two similar itj-psid transducers which measured the difference 
between the static pressure and the total pressure in two directions 
parallel to the lonz-itudinal axis of the TCA, Data recording and 
calibrations o' the flow sensor instrumentation were identical to 
those described previously. 


| (0) Indications of propellant valve functions required for TCA and CG 

I operation were recorded on light-beam oscillographs. Oscillographs were 

j also used for redundant recording of primary data and for time correlation. 

1 Strip charts were used to monitor the firings and to provide immediate 

3 access data. Events in the test cell during the firings were monitored 

t 

I by a closed-circuit television system and recorded by five 16-os. motion 

] picture cameras using color film. 
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gg* Level Tbs uncooled tfanst chamber «u instxuuntai with 

three photoocno far the first flvs firing* mi with five photooans far 
the last fire firings (fig. 27), Photocon output was reoordod on light* 
beau oscillographs and high speed tape with a frequency resolution of 
approximately 15,000 cpe. 

Indications of valve functions were recorded oa Kasterliae Angus recorder s 
Oscillographs and strip charts ware used to record primary data far 
Immediate access. Three 15-cm motion picture cameras provided visual 
records of the firings, 

HIOCEDKffiS 

Sea hewl Testing 

Pre-test procedures consisted of system and hardware leak checks* 
calibration of instrunentation, and measurement of nozzle throat area* 
Koszle throat gap measurements ware made at six or more locations 
around the throat circumference with a hall micrometer. 

The propellant and water supply tank were pressurized. Coolant water 
flow was initiated manually and the flowrate observed on & strip chart. 
When adequate water flow was achieved, the automatic filing sequer.oer 
was activated. This sequencer controlled primary purges, all propellant 
valves, end the recording system. Venting of the water tank, cloning 
the water valve, and post-fire purging of the GG were performed manually. 
Post last calibrations, inspection of the hardware and measurement of the 
throat area were then performed. 





itial Photocan 
lotooon Ad'ltd A i 










The test program consisted of four test periods with three to nine 
TCA firings conducted at either transient or constant pressure altitude 
conditions during each test period* 


Pre-test procedures, including electrical and mechanical checks of all 
test hardware,measurement of the nozzle throat area and static leakage 
checks of the propellant and water-supply systems, the thrust chamber 
assembly, and the gas generator, were conducted prior to each test 
period. The propellant tanks were loaded, and samples were taken from 
the primary tanks and analyzed to determine propellent specific gravity 
variations with temperature and to determine that the propellants met 
applicable specifications. The test cell hatch was closed, and pre-test 
instrumentation calibrations were performed at atmospheric pressure. 

The test cell was then evacuated to a pressure of approximately 0,5 psia 
by the facility exhausters, and pre-test instrumentation calibrations 
were repeated. Propellant, water, and steam system bleed-ins were accomplished 
at pressure altitude conditions. 


(u) For each of the firings requiring test cell pressure transients, the 

primary exhaust duct was valved off, and the proper orifice wu3 positioned 
at the inlet to the secondary exhaust duct. The steam inbleed system 
valve controller was positioned so that when the steam inbleed valve 
was opened at TCA ignition, the required flow rate of steam would enter 
the test cell. Test cell pressure was set at the required pre-firing 
level using the facility exhausters. The propellant water, and steam 
systems were then pressurised. 
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(9) The final 60 seconds of the firing countdown was performed automatically 
by an electrical sequencer which activated all firing syaterns,started 
the recording instrumentation, initiated cooling water flow to the TCA, 
initiated nitrogen purges throu^i both the TCA and GC injectors, and 
sequenced loth TCA and SC propellant valves to fire the engine for 
the prescribed firing duration. A typical sequence of major events 
is shown in Pig. 28 for a nine second firing with the GG shutdown two 
seconds before the main engine. 

(tf) The firings requiring a constant test cell pressure were conducted in 
the same manner, except that the primary exhaust system was not 
valved off and steam wan not inMed into the teat cell* 

(o) At the completion of each test period, instrumentation calibrations were 
again performed at low te^t cell pres ure. The test cell was vented 
to atmospheric pressure, and aosttest atmospheric pressure calibrations 
were taken. Posttest procedures including measurement of the nozzle 
throat area were then performed on ♦he test article. 

2ala..Rsg.MgjApq 

(U) For the sea level testing all data nwcespery for determining engine 
performance (except for propellant temperature and pressure, which 
were recorded on direct inking graphic recorders)were recorded in 
digital fore on tape using a Beckman 210 system. These data, vith the 
proper calibration adjustments,were reduced to engineering quantities 
and units by a computer program. The data was printed out in 0.01-recond 
intervals. Approximately fourteen 0.01-second interval data points were 
ueed to obtain 0.5 aecond average data. Flowrates were printed out ir 
epe and reduced to lbs/soc by hand. 
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(U) Pot the altltudo testing, all data recorded in frequency fore on magnetic 
tape were translated into digital fora. The digital-form data thus 
obtained and the data originally recorded in digital form on magnetic 
tape were reduced to standard engineering units and tabulated by a , 

digital computer at 0.1-second intervals for each firing. The computer 
was also programmed to use the measured data to compute average TCd 
and GO performance parameters over 0.1- and 0.5-eocond intervals for 
each firing. The performance parameters computed by this program mere 
not used for the final performance computations, but were used for pre¬ 
liminary interpretation of engine performance and operating characteristics. 

(u) Basic engineering data (propellant flovs, ambient pressure, Chamber and 
base pressures, temperatures, throat areas, and thrust) from both sea 
level and altitude test series were supplied to a computer program 
which computed, tabulated and plotted pertinent performance parameters 
averaged over 0.5-eeoond intervals, 

testing summer 

(IS) The basic objective of this test program waa to demonstrate the performance 

of an aero spike nozzle over a range of altitude from sea level to design altitude 
and to determine the influence of secondary flowrate and properties on 
performance over this same altitude range. In achieving this objective, 
testing activity was divided into four main areass (l; a large number 
of gas generator tests were accomplished to determine operating characteristics 
over a range of flowrates and mixture ratios, ( 2 ) uncooled thrust chamber 
testing was conducted to evaluate primary injector performance prior to 
its use in the water cooled hardware and to establish test procedures, 

( 3 ) sea level testing with water cooled hardware was conducted to establish 
engine operating characteristics, to uncover and correct engine structural 
deficiencies and to obtain performance data, and ( 4 ) tests were conducted over 
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• pressure ratio rungs fr<*» approximately 350 to 40 at AEDC to determine 
nosxle performance. The chronological sequence of the tost activity la 
shown in Pig. 29* A deacrlpticm of the tooting accomplished and operational 
difficulties ia presented. 


(u) During April and May 1965* 33 gas generator firings (l3 low flowrate and 
20 high flowrate) were conducted. The objectives of the gas generator 
testing program wares (l) establish propellant valve sequencing and 
special operating procedures* (2) determine injector and overall pressure 
lessee* (3) determine C* efficiencies and combustion gas temperature 
over a broad rage of mixture ratios end propellant flowrates* and 
( 4 ) demonstrate the feasibility of l&*eecond duration gas generator 
firings at a chamber pressure of 400 psi& and a gaa temperature of 
approximately 1900°T, 

(u) All objectives of the test progran were mat and the hardware was in 

good condition after 33 testa. Test results are suaasrised in Table 2* 


(u) The objective of the uncooled hardware test program was primarily te 
conduct short duration (te 0*8 second) sea lsvel tests to obtain a 
stable Injector with reasonable performance for use in obtaining performance 
data with the longer duration cooled hardware* 


Five tests were conducted using Injector So. 1 with the uncooled 
aerodynamic spike engine* The tests covered a range of chamber pressure* 
from 293 to 507 psia and a mixture ratio range of 1.63 to 1.94* These 
variations ware purposely imposed to insure stability over a 
wide range of potential operating conditions. High-frequency 
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Figure 29 . riot-Tiring Teat Schedule 
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oscillations (predouinantly 2300 cpe) were experienced during these 
initial tests. Bo hardware damage was sustained during my of the tests (fig. 30 ) 

The injector was subsequently modified (designated Id) and fired 
in the uncooled thrust chamber at a chamber pressure of 410 psia far 
0.73 second. Low frequency (530 cps) pressure oscillations were present 
over the mtire run duration. Ho hardware dusage was sustained from 
this test. 

(u) Since the injector operating charaoteiisties of Injector No. 1 did net 
meet the standards desired, a different injector pattern (desigiated 
Injector No. 2) was fabricated and tasted. 

(c) Pour tests were conducted with Injector No. 2 in the uncooled thrust 
slumber. 411 four tests with Injector Ho. 2 exhibited extremely 
stable operation over a wide range of chamber pressure and mixture rati# 
with essentially no chamber pressure oscillations (Pig. 3l). The 
hardware was in excellent condition after the tests. A summary of the 
uncooled test series conducted during June and November of 1965 is 
shown in Table 3. 

.a*. sgctisysl 

I 

(u) Tbs objective of the water-cooled thrust chamoer test aarlee was to 
demonstrate the durability of the hardware assembly and obtain sea 
level data. Ten firings were conducted at Rocketdyne and the results are 

summarised la Table 4, 

(c) Tba water-cooled tnrust chamber was initially designed to operate at a 

dumber pressure of 500 psia and deliver a sea level thrust of approximately 
. 10,000 pounds. However, during preliminary water blowdowns of the 

coolant system, it become apparent that the pressure drop required, to supply 
the desired water flowrate was higher than theoretically estimated and above 
the normal capabilities of both the Rocketdyne and iSSD C facilities selected 
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to conduct the toot program. The static star pressure within ths hardware 
would also haws been higher than desirable with operation at 50C psla 
chsaiber pressure. The first series of hot-firing tests (No's* 68* 69» 71# and 
01, Table 4 )» therefore# was planned to evaluate thrust oh an b er 

Integrity end perfoxaance at a chamber pressure of 400 pels* 

(C) The first three firings were eoriucted with increasing durations up to 

three seconds. The gas generator was not uoeA for these tests. Tn s p s ot t on 
- of ths hardware after the third test shoved a slight discoloration above 
one of the 14 circumferential ooolant slots of ths inner throat and covering 
a 45-degree section of the throat. This indicated overheating suggested 
partial blockage of a 45-dsgree section of the circuaferwntial coolon. slot 
in the throat region. 

(c) The fourth test in the series (3DOl) was conducted at a chamber pressure of approx¬ 
imately 400 psla for a duration of 5 seconds. Flattest inspection cf ths 
Injector a.\d thrust chamber revsalsd no ha Aware damage but a discoloration 
and slight •neitiag" {^- 0.50-inch disaster area) of the inner throat 
(Tig. 32 )• This occurred only on the same 45-degree section of the Inner 
throat idler# a discoloration bed boon noted during the previous test. 

Because of this evidence of overheating and the limitation on increased 
coolant flow# the chamber pressure was decreased to 500 psla# while Main¬ 
taining the same coolant flowrate, for succeeding tests. Ths gaa generator 
was used during test RLOlj however# a very lor mixture ratio was obtained 
and the gas generator ’•flamed out." lbs fifth and sixth testa (RD02 and HB03) 
vers conducted with increasing duration and the gas generator was employed 
satisfactorily fo- these tests. Combustion stability was excellent for 
all tests. 

(c) Prior to conducting further tests# water leakage was noted. Upon disssasably 
sad inspection* leakage was noted from brass Joints in the inner and outer 
throat sections and in ths outer easing. Prior to further testing# design 
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Figure 22 . Condition of Inner Ihroat and Nozzle After Five Second Test at 
**00 psia. Chamber Pressure. 
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modifications and hardware r ework wire acocspliehed. Testing «u mwuA 
In April 1966 , tad the final four planned teete wr» conducted suooerafully 
without incident* Shea* teete were at a chamber pressure of approximately 
3l3 pda* and with aeoondary flowrates of 0» 3.2* and 5*3 percent of primary 
flowrate. 

(u) Because of the small changes in efficiency expected with secondary flow* it 
waa desirable to operate with and without secondary flow during a single 
firing* This allows a comparison of the change in efficiency with the 
addition of secondary flow during a firing without dependence on knowing 
the absolute level of efficiency* Therefore* during the eea level testing* 
the sequencing of secondary flow was varied (Fig, 33 ) to establish the beet 
method of obtaining data with and without secondary flow for a single test* 
It was determined that when secondary flow waa initiated after several 
seconds of main engine operation# or was out off several seconds prior to 
the completion of main engine operation* an accurate representation of 
performance changes waa achieved* Baaed on the results achieved in the sea 
level test program* the teat sequence selected for the altitude testing was 
eight to nine seconds duration primary thrust dumber firings with gss 
generator operation initiating simultaneously with the primary chamber 
and terminating 2 seconds before primary cutoff. 

Water Cooled Hardware Testa at Altitude 

(u) the primary objective cf the altitude test program was to determine 
nozzle performance as a function of pressure ratio (PR), secondary gas 
flowrate* secondary gas mixture ratio, and secondary gas injection 
method (base configuration). A secondary objeotive was the determination 
of nozzle base thermal environment. 
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(o) Twenty thrust chamber firings were Achieved (Table 5) in four test 

periods (distinguished by the second letter in the test amber). The 
test cell remained dosed sad evacuated to altitude conditions during 
a test period, hence, inspection of the hardware and throat area Manure* 
seats between firings were not accomplished. The first sixteen thrust 
chamber firings (iAOl through 1C2Q) were conducted with a varying 
ambieat-to-chamber pressure ratio and the final four firings (lC21 through 
AU4) were conducted at a constant pressure ratis of approximately 350. 

(0) figure 34 illustrates typical engine operation end the transients obtained 
for two 8 second nainstsge duration firings with constant secondary flowrate 
(iC13 and 15, V m 3.0 percent). Typically, two 8 second firings with 
constant secondary flowrate were used to cover a pressure ratio reage 
from approximately 350 to 40* The GO firing was initiated simultaneously 
with the primary but was cut 2 seconds prior to primary thrust chamber 
cutoff. 

(c) Tbs high altltud firing started above design pressure ratio sod continued 
. through the pressure ratio at which the nozzle base vales opens (PHsl50 te 
180 with 0 to 5 percent ¥ >f respectively). Du og the last two seconds, 
the GO was turned off to obtain zero secondary flow data. 

(0) The low altitude firing started with the nozzle operating in the open 
wake and continued through a pressure ratio of approximately 40. The 
GG hub turned off 2 seconds before primary engine cutoff to obtain nozzle 
performance with ns secondary flow. However, because of the slew decay af 
secondary chamber pressure after GG cutoff, valid performance data could 
not be obtained during the final 2 seconds of any altitude test with 
secondary flow. 
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ALT 1 T 0 L 3 TEST SDWUHT 
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Typical Altitude Transient and Teat Duration 


























TLa first firing (AAOl) was a >*eacond checkout test with no secondary 
flow. Testa AAQ2 and AA03 were 7.4-second firings with no secondary 
flow ever pressure ratios from 422 to 83 and 93 to "35* respectively. 

After these tests the engine was disassembled, inspected and reassembled 
with new seals and with the outer engine bolts reversed from the 
position shown in Fig. ^ . With the hex nuts located on the aft end 
of the engine, checking of the bolt torque a*>d tightening of the outer 
casing and throat were more easily accomplished. Throat area data 
from the sea level and altitude firings indicated that the outer throat 
was not adequately tightened when the nuts were torqusd on the injector 
end of the engine. Relatively large (to 3.5 percent) increases in 
measured throat area were noted after a single engine firing for tests 
with the engine assembled in this manner, whereas relatively small 
decreases in throat area were noted for the assembly configuration 
used for tests AR08 through AD24. This will be discussed again in the 
presentation of test results. 

The AB test series was to evaluate nozzle performance with 1 and 2 percent 
secondary flow using the low flowrate GG. Tests AB04 through AB07 were 
GG checkout firings to establish operating procedures. GO performance 
data was not obtained because of plugging of a AP control orifice 
in the oxidizer supply system. Fill times required for the oxidizer and 
fual systems were aporoxinately 7.5 and 0.4 seconds, respectively. 

Because of the large capacity of the feed system, the GG cliamber 
pressure did not decay rapidly enough to establish zero secondary flow 
nozzle performance in the two second period between GG cutoff and primary 
engine cutoff. 
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(u) Test AB06 woo a scheduled 8-second firing with 2.6 percent secondary flow 
which vaa prematurely shut down by an erroneous signal to a low coolant 
water pressure cutoff switch. Testa A309 and AfilO were 8-second duration 
tests covering the high altitude transient with approximately 2.6 and 1*2 
percent secondary flow, respectively. Testa AHL1 and 12 were 6-aecond 
tests covering the low altitude transient with 2.55 ani 1*2 percent secondary 
flow. 

1 

l 

(u) The AC series of testa investigated nozzle performance with secondary ^ 

flowrates of 5 and 5 percent. The high flowrate GO injector and orifice 
were installed for this series* Teats AC13 through AC16 were 8-second 
transient altitude testB with 3 and 5 percent secondary flow and a 
GO mixture ratio of .11* These teats completed the series designed to 
evaluate the effect of secondary flowrate (0 to 5 percent) at constant 
mixture ratio ( » 0,1) on nozzle performance. 


(u) Tests /Cl7 through AC20 were transient altitude tests to investigate 

the effect of GG mixture ratio on performance at a constant secondary 
flowrate of 3 percent. GG mixture ratios of 0.096 and 0.175 were tested. 

The low mixture ratio obtained was (0.096) somewhat higher than intended 
(.06) because of difficulties in precisely controlling the small oxidizer flow. 


(u) the last test in the series, AC21, was conducted at a constant pressure 
ratio of approximately 330. This test was with 3 percent secondary flow 
and a GG mixture ratio of 0.1, identical to AC13 except for the constant 
altitude condition. Because the critical closed wake data was obtained 
over a very short { as 2 seconds) portion of &e instage operation, this 
test at constant altitude was conducted to provide more high altitude 
performance data. As will be shown later, excellent agreement was 
obtained between results for this test and the comparable transient altitude 
tests. The Aft test series completed the planned program to evaluate 
secondary flow effects on performance. 
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Electee® constant altitude teste subsequent to the AC series were planned. 
9 m tests v*re to evaluate the effect r jf lose configuration on nozzle 
t rforwnace and to provide additional high altitude data vith various 
secondary flowrates. The first four tests were to evaluate a perforated 
base configuration (Fig. 14 b ) with secondary flowrates of 1, 2, and 
3 percent. Tbs remaining 14 tests were to be conducted with the open . 
base and the modified (24 hole) flow diffuser (Fig. 14a) at constant 
pressure ratios of 300, 120 and 70 and secondary flowrates of 0, 1, 2, 
and 3 percent. However, operational difficult!. 9 were encountered during 
all three teats in the All series and hardware damage was sustained 
precluding further testing. 

Test AD22 was a constant altitude test (PH » 378) with approximately 
1 percent secondary flow. Main tnrost chamber operation was satisfactory) 
however, the (30 oxidizer inlet orifice plugged at start causing c 
reduced and unknown oxidizer flowrate(G(J flowrates determined from system 
pressure drop) and poor combustion ( Y}^ 30 percent). 

Coubusvlon instability occurred in the primary combustion chamber 
during firing AD23. Propollant flowrate and mixture ratio for this 
firing ware nominal, and ignition was normal; however, approximately 
0.5 seconds after iglnition, TCA combustion became unstable (Fig. 35 ). 
Measured fundamental frequency and peak-to-peak amplitude of combustion 
Instability prescure fluctuations were 487 cps and 60 psi (Fig. 35b ). 
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(u) i cap on the G3 drain fitting blew off during GG ignition in Test AD23, 
thereby venting an unknown portion of secondary flow izpetreaa of the 
mounting plate. Test AD24 was ccndur'id without knowledge of these 
operational difficulties; and, althou^i stable TCA combustion was obtained, 
the results are of questionable value* 

(u) Inspection of the test hardware after firing 24 revealed extensive 
melting of the combustion chamber baffles, heavy uepoaita of melted 
copper fro* the baffles in the nozzle convergent section, several 
radial cracks in the injector outer fuel ring and exceaaive water 
leakage from a yielded braze joint in the outer throat. The damage, 
apparently caused by the severe thermal environment within the combustion 
chamber associated with the instability, was sufficient to preclude 
further testing (Figs. 36 sad 37 ). 
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b. Outer Throat 



Ti^ure 36 , Entire Condition} Peot-Jira AD Series 
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b. Ring Cracking 
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a* Baffle Erofltoa 


Tigare 37« Injector Socage f Post-Fire AD Series 
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Several studies sera conducted to analyze the perfotmaoce end determine 
the influence of operating ecadttiona upas the performance of the 
cooled thrust chaster. The major studies were datasnainatieo of the effect 
of best loss to the model and cooling water* the effect of propellant 
imparities* sod theoretical determination of nos&Le performance. Using 
the results of these studies* a procedure to calculate performance from 
hat-firing / ’ata was developed and programmed for matooatio computation, 
ill measured data were averaged over a 0.5-second interval for input te 
the program, i discussion of these studies end the computational procedure 
is presented in the following sub-section* 

In addition* base heating information can be determined through analysis 
of temperature measurements by probes located in the buse plate. A 
method of analysis is presented for determining the adiabatic wall tmapor&tsrs 
and beat transfer coefficient of the gases adjacent to the nozzle base plats* 

ftrfgJWMHtt. &aB8teHL 

The basic parameters which were used to appral',® the performance of the 

hot-firing model are the characteristic exhaust velocity efficiency of the primary 

combustion chasber, specific impulse efficiency of the thrust chamber and 

thrust efficiency of the nozzle. In addition, the base pressure is of 

prims concern since the base pressure acting over the base area contributes 

a significant portion of the thrust. Measured changes in base pressure 

with secondary flaw can also be used to compute changes in nozzle 

performance independent of an accurate knowledge of engine thrust and 

flow changes and hence provide a check on these measurements. Bass 

pressure and thrust efficiency are the parameters which are used to 

correlate aerodynamic spike hot-firing end cold-flow date* 
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Characteristic velocity (C* ) efficiency of the primary flew is defined by 

V . 

’ ^ *, 

Specific impulse efficiency of the aerodynamic spike thrust charter ie 
defined as the total nozzle thrust compared to the sun of the theoretical 
thrusts of the primary and secondary flows whan optimally expanded to 
local ambient pressure. 


T Opt # p + *Opt,S 


V.p ■ W* »p 

».pt,. - opti „ i. 


(u) Theoretical optimum specific impulses ere based on the respective properties 
of the primary end secondary flews, however, the reference pressure ratio 
is the primary chamber pressure ratio far both flows. 


(u) An alternate definition of specific impulse efficiency in common use 
and computed for this engine is 


Hi..*., 


W-pW 


This definition references the measured thrust to the total theoretical 
thrust delivered if both the primary and secondary flows are considered 
to hove e theoretical optimum I g based on the prir ary flow properties. 
This Is commonly referred to as a topping cycle efficiency. 
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(u) Nozzle thrust efficiency, C^, is s measure of ths notrle expansion process 
including the base region and does not include combustion chamber effects 
or inefficiencies. It is defined in a similar manner to specific impulse 
efficiency with the exception that the reference thrusts are baaed upon 
actual characteristic velocities. 

c T - _ T .. __. 

*opt,p ^C* p + ®opt»s^lc* B 

(u) When a theoretical primary reference only is used, a topping cycle nozzle 
thrust efficiency is defined by 



with no secondary flow, either definition reduces to 



(a) In determining ths above parameters from the test data, all of the potential 
fact irs which may influence performance were considered. The areas 
wh nh zero considered included nozzle stagnation pressure, aerodynamic throat 
are/-., theoretical performance, propellant l-ipurlty, heat less effects, 
and base pressure, la reducing data, factors whose effect eras b# .. ivod to 
be less than 0.1 percent were neglected* 







t(*{ 


(u) Bessie. St^ ntlm foeseure. Two chamber pressure tops (PC-1 wot PC-2) are 
located near the injector, mil one tap (FC-3) is located downstream of the 
injector near the contraction zone (Pig. 23, pegs 54). The chamber tape 
ere located at a contraction ratio of approximately 10 where * B tatifl^total 

« 0.9978 from one-dioenaioual ideal flow, and therefore, the pro secure 
reading ia corrected by 0.22 percent for atatle to total pressure. 


Combustion effects on the nozzle atagnaticn pressure were considered 
because there is a lose in total pressure for heat addition to a gas 
flawing in a constant ares duet. Because a pressure tap (PC-3) ia 
located 4 inches downstream of the injector Just prior to the contraction 
zone, the combustion process can be considered to be completed and the 
combustion effect on downstream of this tap is negligible. 1 drag 
(friction) analysis was conducted for this model, and the effect ef 
drag between the pressure tap end throat was negligible. Nozzle total 
pressure was therefore computed from P q « PC-3/.9978. 

(O) Aerodynamic Throat ires. To accurately distinguish between nozzle 

efficiency end characteristic velocity efficiency a transonic potential 
flow analysis and boundary layer analysis of the throat region vaa 
conducted. loteniiel flow and frictional flow discharge coefficients were 
determined to be .9954 and .9939, respectively, with a resulting actual 
flow discharge coefficient, equal to 0.9693. 

(C) Proa geometry, tho geometric throat area A p is based upon the average threat 
gap (g) as determined by pretest and post test measurements. 

+ Bg) g 

Bj •• 11^064 in. (outer throat, radius at t!» throat) 

Bg <■ 11.048 in. (iaeaear throat radius at the throat) 
l p «€S.53g 
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Applying the discharge coefficients the aerodynamic throat area A* w ia 
A* p - 69.53 Cp g - 60.79 g 

Daring the sea level test progresn the throat gap was measured in six 
locations around the throat circumference. During the altitude test 
program, the throat gap was measured in sixteen locations and two seta 
of sixteen readings each were taken. A ball micrometer was used to 
obtain the measurements. 

A stress analysis was performed to determine the' deformation of the throat 
region caused by thermal and pressure stress under hot firing conditions. 
There was an uncertainty as to the manner and direction of tie throat 
defamations. However, the maximum deflection that could reasonably be 
expected would give a throat area change of 1 percent. The major 
effect on throat deflections was found to oe a cyclic thermal buckling of 
the throat coolant slot walls. 

Because of the uncertainty as to the manner and exact magnitude of the 
throat deflection, an analytical stress correction to the throat area 
was not used in the data analysis. The determination of the throat 
area during a firing was made by considering both the measured pre- and 
posttest throat areas and a throat change established by the change in 
primary thrust during the firing. This method is discussed in detail 
in the results section. 

Theoretical Performance. Theoretical propellant performance was 
calculated for OTO/UIKH-tf,^^(50-50) based upon one-dimensional expansion 
in chemical equilibrium (shifting performance) for mixture ratios of 
1.4* 1.6, 1.6 and 2.2 at chamber pressures of 300, 400, ar-1 500 psia. 
Figure 30 is a sample page of the I£K printout (from Rocketdyne's 
theoretical propellent performance program) at a mixture ratio of 1.8 and 
chamber pressure of 300. 
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Propellant Perfornano* Printout 














A mwmmry of theore ticul primary perforaance is presented in Wg*. >9 to 
42. A sutacry of the gas generator combustion gas properties la ibm 
in Apjwrullx, 4 * Figp. 213 to 216. Theoretical performance* u shown In 
the fig-res was used in % data reduction program to determine nozzle reference 
performance reported in Ref* 25. Although theoretical primary C* were 
properly accounted for as a function of nixtuxe ratio* primary theoretical 
I was programmed as a function of pressure ratio at a constant mixture 

Bp Opt 

ratio. Unfortunately this tends to prejudice the results towards those 

tests at high mixture ratio. As an example* one high altitude teat 

with no secondary flow (AAOl) was conducted at a primary mixture ratio of 

1*77 whereas one high altitude test with 3 percent secondary flow was 

conducted at a primary mixture ratio of 1.67. (AC13). At a mixture ratio «f 

1.67 and a pressure ratio PR of 300, I fl ^ - 3U.0 whereas at the same 

PS and a mixture ratio of 1.77, I . = 312.5. From the expression 

s,opt 


[C*I 7 i 

' P s.opt, p p 


and with correct value of 


PR - 1.77 * 312.*5 = 1.0048 


‘‘ip/ 

1 HR « 1.67 


(U) A difference of 0.1 unit in mixture ratio results in a difference of 

0.48 percent in both the relative C ? and^ I fl for two teste performing 
equally but at this difference in mixture ratio. For the altitude t«st progra« 
(see Table 5 ) the no seeondai'y flow teats were “automatically" higher performing 
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cy frott 0.2 to 0.5 percent then the testa vith eecoudary flew as reported in 
B*f. 25 because they wore accomplished at « higher mixture rati#. Since thee# 
performance differences are in tlie order ef magnitude of the gains expected 
with secondary flew it is necessary to include the effect of mixture ratio «m 
theoretical reference performance. 

(u) A computer program using tabulated theoretical performance data and interpolating 
mixture ratio* KL, and P Q effects was written at Eocketdyne and used to obtain 
the final performance data presented in this report. The measured quantities 
of thrusts, flows, pressures and temperatures obtained from the test sources 
were used for input. 


(o) Propellant Tatwrltv. Because water content is the fuel end oxidizer will 
change the theoretical performance, theoretical propellant performance was 
determined for HSO/50-50 with various concentrations of water. In general* 
water in the propellants increases and decreases C* with a net decrease 
in I 0 . The changes in C* and I g at a chamber pressure of 400 psia are presented 
in fig. 43. These changes are valid for a chamber pressure range ef 300 t# 

500 psia since the change in performance is only slightly dependent upon 
chamber pressure. 

( 0 ) Values of A *\ 2 0 V#r * hmi coa ^ lt<,(1 fw **“ t ®* t « 


tabulated in Appendix 1. Maxima values were AI 

- .9967. ^ 


-.30 seconds and 


Heat less. Effects. The effect of heat less to the cooling water was determined 
us in g a computer program. This program calculates ono-dimsnaional theoretical 
nozzle performance with heat removal or addition at the injector and heat removal 
in the nozzle. Beat removal in the nozzle is performed in Increments by a 
constant pressur e process. The program maintains the propellant in chemical 
equilibrium through the expansion with beat removal. The magnitude and schedule 
ef the theoretical heat loss per pound of primary propellent, Q^jfor input to 
the progrmz was determined from a theoretical beat transfer analysis of the 
actual thrfaat chaaber. At chamber pressure a of 300, 400, and 300 psia and a 
mixture ratio of 1.8, was computed to be 193.1, 164.9, and 177*9 ht^/lb. 





























(u) the decrease of C* efficiency caused by boat removal from the combuatiou chmber 

la efcown ia Fig.44 for P„ of 300 and 400 and KE » 1,8. Thh ratio of the fcotuil 
o 

total heat lose per pound #f propellant, Q, to the theoretical leas' per pound of 
propellents, Q^, is used as a normalizing parameter. Because the hotr-firlng 
testa performed cn this nozzle were at various altitudes and because 7^} g ^ 

^2.L. * ^B.vac^. l/ Z s,v« c, adiabatio^ 

where 


a,vac,H.l». 


theoretical vacum specific impulse for a given heat 
removal rate and schedule 




I j. . j.* m theoretical vacuum specific impulse with no heat removal 

a,vac,adiabatic 

cam emlj be directly applied to vacuum specific impulse, a curve of A 

(defined as (I —I , ,.)}vb heat removed was computed 

a,vac,HJj. a ,vac , adlabatie 

(?ig. 45). The AI „ . was directly applied to the site specific impulse to 
obtain an adiabatic specific impulse. 


(U) The effects of variations in heat loss, chamber pressure and mixture ratio were 

determined by perturbating each of these paraneters over a range of 50 to 200 percent 
of tbs beat x v>, chamber pressures from 300 to 500 psia and mixture ratios from 
1,4 to 2.2. In Fig, 46. and 47 are shown the performance variation of T)-* and A1 _ T 

a t Sfaslis 

for vsziatians ia mixture ratio* and chamber pressure. * * 

(u) Total heat transfer to the model includes the beat transfer to the cooling water 
plus the heat absorbed by tbs injector baffles in the combustion chamber. For a 
given teat, the actual beat transfer to the cooling water is determined by measuring 
the bulk temperature rise and water flowrate. The heat absorbed by injector baffles 
is estimated from a beat transfer analysis rather .than test data since the actual 
heat absorption or baffle temperature at a given point is difficult to measure. 

(tl)Caxiir* baffle surface temperatures are shown in Fig, 48 to 50 for chamber pressures 
af 300- 350, and 400 psia and for C* efficiencies of 100 and 90 percent. Also 
ahown are total heat absorption for the baffles as a function of test duration. 

These results are based upon the assumption that heating occurs along the surface 
exposed directly to the gas and to the blunt trailing edge but not to 
the surfaces immediately adjacent to the chamber walls. These 
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Total Heat Removal , 

Figure 45. Effect of Beat Loss on Vacwa Specifio Impulse 
































































































Total Beat Absorbed by Baffles, Q,Btu 


















assumptions are considered to b* the Boat realistic. the rate of absorption 
is not constant but decreases with increasing duration. Besulto indicate 
that the baffle heat absorption rates are approximately one-sixth the coolant 
absorption rates. 


(o) Beat loos effects were hand confuted from measured water flowrate and tesper- 
ature rise data. A typical outlet water temperature profile ia shown in 
Tig. 51 • Since there is a lag in water temperature rise the temper¬ 

ature achieved was used in the heat loss computation. A constant baffle 
heating rate of 445 BTU/aec was used. The heating rate.) for all testa were 
compared at the same firing duration by comparing water temperature rise curves 
and adjusting for the temperature rise over the difference in mainstage duration. 
This correction was approximately l°/sec or lesa. 

(u) The ratio of the "measured 1 * heat loss per pound of propellant,Q, to the theoretical 


heal; loss, Q^, was computed from 

V; 0 AT H2o) inner + (/V %) 445 


193.1 f \ 


193.1 


for the altitude tests and from 


V a. ^ V *V , ***... 

^ 193.1 v p 193.1 V p 

for the sea level tests. 

(tj) Tor tha initial tests at approximately 400 peia chamber pressure, a reference 
constant of 184.9 was used in place of 193.1. 
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Time, Seconds 

figure 51. Cooling Water Outlet Temperature, Test AB-11 

















(u) It should b# noted that the heat loss effects are corrected to that of an 
adiabatic engine, this is slightly conservative when considering the engine 
in a regeneratively cooled application. The effect of the heat being restored 
and added to the inlet propellants was investigated for this engine operating 
at 400 psia chamber pressure using the same computer program. The effect of 
the overall heat removal end addition cycle as shown in Fig. 52 was to slightly 
improve engine performance over an adiabatic engine. 

(u) Bang Pressure . Six pressure taps are located in the nozzle base cavity exit lip 
to measure the base pressures as shown in Fig. 53 . The resulting aveiage 
base pressure is determined by taking a weighted average of the six readings 
by ares. Each of the two lines of taps is weighted by one-half the base cavity 
area, and the lip tap is weighted by the lip area. Based on the geometry of 
the base region, Fig. 53 presents the ereas used to weight the pressure readings. 

(tf) Change in engine performance with secondary flow relative to performance without 
secondary flow can be computed from the equations 
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Propellant: N^/UDHa-N^ 

Pc : 400 pale 
MR a 1.8:1 

Nozzle: Advanced Aero splice 

6*25:1 12# Lan^th 
Regeneratlvely Cooled 

Heat Removed 

and Added: Q * 184.9 Btu/lb. 
th 



Figure 52. Nozzle Heat Transfer Efficiency Versus Total Heat Trar.sferred- 
Regeneratively Cooled Nozzle 
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(u) The equations used to determine engine performance are described below. The 
equations with an asterisk were used in the Rocketdyne data reduction program. 
Other computed quantities were liand computed or supplied by the&ocketdyna 
Research and A3DC RTF test organizations* 


(U) Keasured thrusts, flora (except 3^0), and pressures are 0.5 second averages 
except for two testa (RI>C2 and RD03) which were 0.5 second Beckonn data allces. 

1 . P c <= PC-3/.9978 (See Fig. 23, page 54 for locetion of PC-3) 

2 . Vc* a . L . = f ($, pap, P e ) Figs.44 and 46 

3. AI 8 ,h.L. * * P c ) and 47 

4* Vc* a2 o = f (percent HgO, HRp) Fig. 43 

5. AI 8|H20 = f (percent HgO, KP^) Fig. 43 

6 . P B = .12 (PB -1 ♦ PB-3 + PB-5) + .179 (P3-2 ♦ PB-d) ♦ .282 PA -6 

•7. V p c - V^c 

* 8 - C* p = g 0 P c l*j/i p Vc*K. L . S 0 = 32.174 lbf-ft/lb^ec* 

■*9. c* a = gQ P C(B Cj ^ 8 lg/rf s c D,s _ Q ^£5 (secondary orifice discharge 

coefficient) 

* 10 . c*th, P * * ( p c . >®p) (tabulated values programmed) 

•11. C* th<a = f (P c>s ^Ba) (tabulated values programmed) 

* 12 . Is.opt.p - f ( p c» ®p» PRp) (tabulated values programmed) 

*13. Is,opt,a ** f ( p c » >&a» PR S ) (taoulated values programmed) 


*14. - C* p /C* th#p 7c*H 2 0 

* 15 . 7 c * 8 - C *./ C * thf8 

16 . w p = ir 0fP ♦ <r f>p 

17 . '^5 = ^ 0,8 + ^ f ,8 
i° *r - * p ♦ 

19- »®p-*o,A»P 

20. f'Bg a ^0,s/4f #s 

* 2 l. F ■ P A ♦ Alg^ ^^ V p (f a is measured axial thrust) 

22. A* s 68.79 g (g is average measured throat gap, in.) 

P 2/ / \ 

23. A ■ 77D /4 (D is average measured orifice diameter, in.) 





* 24 ‘ opt,p* tl ».opt f p ♦ ^I*^) *p 
#25 ‘ ^FPt.s* ^.opt,/* 

^ F 0P|i*P + y opt,« ? ^ -J 

Cp « V/ Cl c* F ♦ 7c*. * 

/r^ opt » p /■ 0 

. *&*» W l 

I- - F/tfj 


*26. 

*27. 

*28. 

*29. &T,opt 
*50. 

*31. 


•A>] 


(VIW ‘ 

*32, € • = 1^/i‘p (A # - 371.5 in 2 , nozzle exit are*) 

*33. Pa«P</P a 


3asg, Heat Transfer. Data Baductioa 


(C) Surface temperature measurements were recorded on the base plate of the aerospik* 
model to gain information on the local heat transfer coefficients and the 
recirculating gas temperatures. These results will indicate the existence of 
certain problem areas, such as bass cooling requirements. Also, the calculated 
recirculating gas temperature may indicate the amount of mixing between the 
secondary and primary flow. The method ef analysis and experimental results 
are presented in the following page*. 


(tri Analysis . The experimental method consists of thermocouples embedded on the 
gso-eide and the insulated surface. A circular slot is formed around the 
thermocouples to isolate and to obtain one-dimensional flow as shown in Fig. 54 * 
The actual measurements that are recorded ere both surface temperatures 
vs time. Based on an analytical modal, the local heat transfer coefficients 
and recirculating gas temperatures can bo computed. 



insulated 




ANALYTICAL MODEL 


Gas-side 

Insulated side 


W«are 54. 


Base Seat Transfer 



(u) The experimental model can be readily analyzed by ae'juaing one-dimensional 
heat flow, with one side exposed to the hot gas flow end the other insulated. 
Consider a slab as shown in Tig. 54 . To express the temperature distrioutioo 
in the slab in terse of nor -dimensional nodule, the distribution is written est 


js. JLjt 

T - T. 


2 > 


' j -i» 2 ( s “yt 2 ) r ,tJ s * ( ^ L) 1L 

■>1 w. jr 


where 




Hl 2 

it 

k • 


EL 


(u) Thus, the temperature ratio 


* -i t 


can be expressed in terms of dimensionless terms, Fo, Bi, and x/L. 


(u) Another assumption which is required in the data reduction is that the gaa-eide 
cond.tiosrremain constant from 0 » 0+. This is a basic requirement in the 
derivation of the one-dimensional heat conduction equation. Since the heat 
lows from natural convention on the back-side of the base plate is email in 
comparison to the heat input, the condition that the surface is insulated 
is valid. 
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c <W*W0 


(U) Data Reduction end Test Reaulta Local beat transfer coefficient and 

ga a temperature are the two desired quantities. In order to solve explicitly 
for the a foremen ti'u.d values, two degrees of freedoms must exist. By 
considering a time slice in the two surface temperatures vs time curve? and 
substituting the temperatures and time into the basic conduction equation, two 
equations are obtained. Solving the equations, simultaneously, the local heet 
transfer coefficient and gas temperature can be determined. This ia the 
theoretical approach to the data reduction. However, the direct application 
is almost insurmountable because of the complexity of the one-dimensional 
conduction equation. In order to converge the equation to an acceptable value, 
many terms must be solved. Thus, the temperature ratios were predetermined 
under expected heat transfer conditions and time. Figure 55 and 55 illustrate 
the temperature ratios for the gas-side surface and back-side surface, res¬ 
pectively. The material is 347 stainless steel with a wall thickness of 
0.5 inches. 

(u) The more desirable procedure in the data reduction is to obtain the back-side 
and gas-side surface temperatures for a given time slice. Employing these 
values in conjunction with Fig.55 and 56 , the local heat transfer coefficient 
and gas temperature can be obtained from a trial and error solution. However, 
for early time slices, the back-side temperature will be equal to the initial 
temperature of the base plate as seen in Fig. 57 . Consequently, the above 
approach cannot be employed for initial time slices. However, two different 
time slices incorporating two gas-side temperatures can be employed for a 
trial-and-error eolution. 

(c) as an example. Fig. 57 depicts a typical surface temperature history for a 

thermocouple set. Superimposed or the graph ia the secondary flow temperature. 
From the datum slice of five seconds to eight seconds, the recirculating fluid 
consists of primary flow gases. At the eight-second point, secondary flow wee 
injected. A solution was tried for two time slices, and the following results 
were obtained. 
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figure 56 . Back-Sid# Temperature Ratio ve Time and 
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(C; ‘Typical nozzle base plate temperatures obtained in the altitude test program 
are shown in Fig. 58 . A summary of nozzle base plate temperatures obtained 
during this test program is presented in Table 6 . Maximum gas-side and 
upetraaa-side plate temperatures measured were 440 and 180°F ( respectively. 

A general trend of higher gas-side temperatures (TBP-3) during the high test 
cell pressure transient firings (firings AA03» AB11, AB12, AC15. AC16, AC17 
and AC20) was noted. However, this trend was expected, since nozzle base 
pressure for these firings was proportional to ambient pressure (open wake 
regime) and the gaseous film hast transfer coefficients are directly propor¬ 
tional to local pressure to the 0.8 power. 
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WATER COOLED HARDWARE TEST RESULTS 

(&) Sin* sea level test firings and twenty-one altitude test firings were 

conducted with an experimental, 12 percent length aerodynamic spike thrust 
chamber. The nozzle had a nominal area ratio of 25 and utilized M 2 Qa/ 
DDKH-^R^50 -50) propellants for both primary and secondary propellants. 

W Sea level testing was conducted over a range of pressure ratios from 

22 to 29 (?e * 300 to 400 psia) and a secondary flowrate range from 0 to 
5.3 percent of primary flowrate. Altitude testing was conducted over a 
pressure ratio range from approximately 40 to 550, a secondary flovrata 
range from 0 to 5 percent, and a 0.0. mixture ratio range from 0.10 to 
0.18. 

(u) Satisfactory operation of the gas generator was not obtained during 
firings AD22, AD23, and AD24; therefore, performance data for these 
firings are not presented. 

Determination of the characteristic velocity of the thrust chamber and 
subsequent nozzle thrust efficiency from the test data required a con¬ 
siderable effort resulting in the development of an aerospike nozzle 
throat analysis method which should be useful in future testing efforts 
with this type nozzle. This method is described in detail. 

(u) Nozzle performance in terms of Cj, and base pressure are presented 

as a function of secondary flowrate and gas generator mixture ratio. 
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Determination of Nozzle Throat Are* 


(C) Post Test Throat Area Method . Originally it was planned to uee the nozzle 
post test measured throat area {Table 7 ) for the determination of ng* 
and C T . However, it became evident that this measurement alone uaa 
inadequate because ( 1 ) the throat area was obviously increasing in a 
seemingly repeatable manner during the first 3 or 4 seconds of a teat (thia 
conclusion was also reached during nesting of ths nearly identical TVC 
engine. Ref. 26 ) and (2) from 3 to 9 thrust chamber firings were accom¬ 
plished between throat area measurements in the altitude tent program with 
a likely throat area variation for each test. Characteristic velocity 
efficiencies (Tabls S ) showed considerable variation among the altitude 
firings. Nozzle efficiency trends with altitude did not follow the 
theoretical trend {Fig. 59 ) and teats with secondary flow showed gains 
substantially greater than indicated by base pressure measurements {Pig. 60 ) 
This method was therefore considered inadequate for determining nozzle 
performance. 


(c) Constant nf* Assumption. Since normally one would expect a close grouping 
of characteristic velocity efficiency values f*r repeated tests with the 
same Injector, altitude performance was computed using this method and 
reported in Ref. 25 . Post teat throat area measurements were used to 
obtain an initial value of average rig* over a 2 -second interval beginning 
4 seconds after ignition (Table 9 }• An average ng* was then computed 
for each of the three test periods and these averages were in turn 
averaged to obtain a test program average . Thia is an arbitrary 
weighting and hence the absolute level of performance is also arbitrary. 

A constant A p waa computed for each test uaing this and 2-second 
average values of W p and ? c> Using this constant A p , §.5*second interval 
average performance was computed over the duration of each test. 
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TABUS 7 

NOZZLE TliRQAT AREA MEAS0REKEKT3 COKUDJSTlAL 


TdSt 

Protest Ap |B 

irrf 

Post Tflflt Ap fB 

- -in 2 

Percent Change in in * 
(Pro-Post/Pre) »J. 

RD 69 

14.546 

15.067 

♦ 3.58 

RD 71 

14.914 

15.213 

+ 2.00 

RD 01 

15.311 

15.505 

+ 1.27 


15.450 

- 

- 

RD 03 

14.970 

15.206 

+ 1.58 

ED 05 

- 

14.198 

- 

RD 06 

14.198 

- 

- 

RD 08 

- 

13.892 

- 

RD 09 

13.892 

13.989 

+ 0.70 

; AA01-03 

13.850 

14.347 

+ 3.59 

U 

a AB08-12 

14.071 

13.828 2 

- 1.73 

| AC13-21 

13.816 

13.507 

- 2.24 


1 Outer throat bolts reversed (torque applied at, nozzle end) for tests 
subsequent to AA teat aeries. 

2 This value differs slightly from that reported in Ref. 25. 
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Table 8 


TCA C HARACTERISTIC VELOCITY EFFICIENCY 
(ALTITUDE TEST PROGRAM) 


CONFIDarTlAL 



Characteristic Velocity Efficiency* 

' 


Pre-Test Period 

Post-Test Period 

Average 


A P,m 

A p,m 

A_ 

p,m 


0.855 

0.887 

0.871 


0.855 

0.888 

0.871 

ABO 9 

0.878 

0.869 

0.873 

AB10 

0.875 

0.867 

0.871 

AB11 

0.878 

0.870 

0.874 

AB32 

0.878 

0.870 

0.874 

AC13 

0.864 

0.845 

0.854 

AC14 

0.867 

0.848 

0.857 

AC15 

0.871 

0.852 

0.861 

AC16 

0.871 

0.851 

0.861 

AC17 

0.872 

0.852 

0.862 

AC18 

0.873 

0.854 

0.864 

AC19 

0.875 

0.855 

0.865 

AC20 

0.875 

0.855 

0.865 

AC21 

. 0.880 

0.860 

0.870 

• — 


* Average of data for 5 to 7 sec after ignition signal. Values are 
uncorrected for heat loss and water content. (Reproduced from Ref. 25) 
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(c) The time variation of ncj (Fig. 61 ) indicate! that ncjj initial!/ 
decreaeee and then increaaea aa the firing progresses. No*tie thrust 
efficiency trends (Pig. 62 ) indicated substantial deviation from theo¬ 
retical trends with altitude end secondary flowrate. Changing injector 
flow characteristics (Fig. 65 ) further indicated that a variation in 
was possible. Based on these results and considerations an alternate 
method of establishing performance was sought. 

(u) Wozsle Primary Thrust Method . Since the Dozzle throat area can alternately . 
be deduced from measurements of chamber pressure and the primary thrust 
of the no2zle and since small variations in ng* should likely result in 
even smaller variations in the primary thrust coefficient Cy , the use of this 
quantity in determining throat area was investigated. p . 

(u) the thrust F p developed by the primary noszle (Fig. 64 ) can be expresoed 
in terms of the resultant measured axial thrust and other pressure 
forces acting over the engine by 

P p ' ? A * ”... “ F 8 + <P »,coyl ' P »,cwl> * P , ^ "0, C ?„o * P 0 % % 

( 1 ) 

(U) The primary nozzle efficiency 'HCp is a function of the nozzle design and is 
essentially unaffected by small changes in nozzle throat area. The theo¬ 
retical Cf y&0 is a function of nozzle area ratio and propellant mixture 
ratio (Pig. 65 ). Froa Fig. 65 the sensitivity of Cp vft(J to « -•nd mixture 
ratio variations indicates that two percent changes in e and mixture ratio 
result in approximately 0*10 and 0.25 percent changes, respectively, in 
Cf yae « A potential flow analysis of ths nozzle contour (Fig. 66 and 67 ) 
indicates that Cp is unaffected by ambient conditions until a pressure 
ratio of approximately 50 is reached. 
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Figure. 61.* VerJ.fltl.on of T] c# during Firing, Constant Tf| c# .Method 
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(u) The above equation expressed in terns of A* 1# 

P 

A* « 7 p _ 


■'S 


(u) The ratio of the throat area at any time relative to acme reference throat 
area Is then 

i£ - 

*;,„ r W'. 


vac 


(U) With the as sumption that#. =/!, 

”vac . ref r> 

. <'A 5 


vac 




'P»ref 


™2j£Sl 




where C. - f (KB,€ ) 

*vac 

(C) This eroreasion does not establish an absolute throat area but it does 
establish the throat area change during a fixing and the relative throat 
areas among tests operatl g above the pressure ratio at which nozzle 
. recompression starts. In the recompression region, 'Hep /®p ) i* 

a strong function of P Jv & (Pig, frj ) ana hence no attempt wSs male to determine 
relative throat areas for the altitudo tests operating in this region. 
Fortunately the altitude tests over the low pressure ratio range achieved 
a stabilized (constant) throat area before racompreasion occurred. The 
above expression was not used to cor.pare the sea level throat areas among 
the different tests because f small differences in ? o and hence 
However, it was felt adequate to determino the change in throat area with 
time during « given test, since Pand T) ^ are essentially constant. 

The steps in the calculation of throat area variation with time for each 
test and the relative stabilized throat areas among the altitude tests were 
as follows; 

(U) 1, A reference point in the firing (3 to 5 seconds after ignition) was 

■j elected. For the altitude firings, a point was selected which avoided 
the recoenpression region (.’/P >50). 
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(c) 2. The primary thrust was computed at 0*5 second Intervals from 0*5 1 

second Averaged measured teat data by 

VV'A-^S 

“ ne,p « = ’»• **" fr.,o«l * **. 0 

(c) Outer nozzle lip pressures HI-1, IK-2, and Hl-3 (Fig. 24 . P. 55 ) »«• 

carefully examined for each test. Results presented in Ref. 25 which Indicate 

■ . i 

some aspiration of the outer nozzle are not representative., of the actual 

' I 

condition and were caused by a lag in response of pressures PN-2 and HI-3. * | 

All constant attitude runs (AC21 and 4Z> series) in this test program and 

the. TVC test program indicate IK-1, HI-2, and PU-3 ■ P & . | 

!* 

(c) When computing values it was noted that distinct decreases in of 
22 and 31 pounds occurred during G.G. cutoff for the AC aeries with 
3 and 5 percent secondary flow, respectively. This was a definite indication 
that the base thrust contribution determined from the average base pressures 
vaa too low. Primary thrusts computed for the A0 test series by equation 1 
were therefore reduced by 24 and 31 pounds for 3 (22 pounds for test JC19 
and 20: ME fl * 0.18) and 5 percent secondary flow, respectively. Ho such 
effect ves noted for the AB series of tests with 1.2 and 2.5 percent secondary 
flow* 

(c) Increasing base pressure gradients with increasing secondary flowrate 
(Fig. gs ) may have caused the base pressure averaging technique to be 
less accurate. During the last two seconds of the tests with secondary 
flow, the secondary flowrate decreased to less than 0.5 percent. Bence 
relatively uniform base pressures were achieved and a more accurate baa# 
thrust could be computed... .. 

(C) Values of Pg/P c tabulated for the AC taat series in Appendix 1 were determined 
from the measured average base pressures and should be increased by .00048, 

(00044 for AC19 and 20) am .00062 fer 3 and 5 percent secondary flows to 
give a more accurate representation of the effective base pressure ratio. 
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Figure 68 « Nozzle Base Pressure Distribution, (Reproduced frca Ref, 25) 













mwm 


\ 

\ 

i 

f 

jj 

| 

t 

i, 



(V) 3. 
(c) 4. 


The primary thrust was normalised to 300 pula. (400 pa la for testa 
BD69, 71* and 01.) 

4a initial area ratio vaa selected for each test fraa available 
measurements. For the sea level tests* the poattest measurements 

were used except for HD69 (T)^* » T)** ) and HD06 (average ef 

g p,ED69 ''p,BD71 

pretest ED06 and posttest BDOQJ . For the altitude tests pr«-» and 
posttest values were used for the first and last testa in the 4B and 4C 
eeries with a linear throat area variation assumed for intermediate 
tests (llg. 69). Tie test period initial area is adjusted slightly 
lower than measured because a factor was applied which as stated that 
the decrease in throat area was caused by a uniform buildup of deposits 
on the throat. For the 44 series the posttast throat area was used 
for 4403 and throat areas fear 4402, and 4401 were extrapolated 'using 
an average of the slopes of the 4B and AC series. The changes in 
nozzle throat area indicated in Table 7 • page 131 suggested that 
the method of mounting the outer throat in the sea level teat series 
and in the 44 test series was not adequately securing the nozzle assembly. 
During several disassemblies of the engine it was note., that considerable 
effort was required to remove the outer throat bolts. This fact and the 
Indicated significant area increases suggested that applying torque 
to the nuts on the injector end of the engine was not securing the 
outer throat. Therefore* post tost throat area measurements were 
considered more reliable for the BD and 44 test series. It should 
bo noted that the variation of throat areas in llg. 69 about the mean 

value results in a change of only * 0.33 percent in theoretical C_ . 

vac 
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(u) 5 . Cy^ vaa determined u % function of area ratio (ocrst. for a given 
tost) and 0 . 5 -second average mixture ratio* 

(c) 6. vaa computed va. time for each teat. Result* (Fig*. 70 * 71 

and 7 <_ ) indicated that the throat area increased approximately 1 *5 to 
2*2 percent and reached a constant value within from 3 to 6 seconds after 
ignition* for the initial teats in a aeries. As the number of consecutive 
firings increased* the magnitude of the throat change decreased. Since 
test AC21 shoved very little change, and since it vaa the only valid 
teat performed at constant altitude, the same technique of analysis vaa 
applied to several subsequent tests with a nearly Identical TVC engine. 

The TVC engine teats were all conducted at a constant altitude. Figure 72 
shows that testa SA01 and BC12 (each the first test of a series) exhibited 
similar behavior* i.e. * the throat area increased from 1*5 to 2.0 percent 
during the iirst 3 to A seconds of operation. The throat area change on 
ignition was noticeably reduced by the eighth firing in the series (BC18). 
It would appear that some fora of slow recovery fiom thermal cycling is 
the engine may to occurring. 


(c) The scatter In the data between si: and seven seconds after ignition 
is caused by unstable conditions associated with cutoff and rapid 
chamber pressure decay of the gas generator. 


(C) 

(c) 7. 


The unusual trend exhibited for tests £D 02 and BD03 may have been 
caused by water leakage into the engine. 

For the altitude test series* the stabilized reference throat areas 
were then compered to the stabilized throat area for test AC 15 by the 
relationship 


■ A *p«rafi 

U* 




? e^ref, AC 13 ®*vac, ref 


to establi-b the relative stabilized throat areas for the altitude 
test program. 
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72* Throat Area Change vs. Firing Duration, TVO Engine Firings and 
Soa Level Tests 
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(C) 8. 


( 0 ) 


Absolut* values of throat art.;* for the altitude test pragma were 
determined tq- selecting the pretest throat area measurement prior 
to the AC tea.': series for test AC13 end following the area change 
curve indicated is Fig* TO • The absolute values of all the throat 
areas at any time eoald then be determined by using the A* p ^ 

equation to establish the hot stabilised throat area for each teet and 
the A*^/i.*p ^ equation to establish the tine variation of A* p during a 
test. The overall process was repeated for the majority of the tests 
using the new A*^ to account for differences between the initially 
assessed A* ( (*) value and the one calculated on the first iteration. 


Figures 


70 . 71 . and 72 ere the area change curves frca the 


second iteration. The final throat area values (A*p) are tabulated 
in Appendix 1 as a function of time for each test. Sea level throat 
areas were computed using postteat threat area aeasurements (except 
for BD69 and BF06) and the throat area change curves shown in Kg, 69 • 
Ho poattest area was available for HX>5 and an average of pare HD06 
and post HD08 values was 'used. Ike same 0* efficiency was used for 
teat RD69 that was obtained with HD71. 

Typical characteristic velocity efficiencies obtained using this 
method are shown in Figs. 73 and 74 for typical sea level and altitude 
teats. The values of T}*# indicate a gradual upward trend. Sens 
of the curves (AA02 and RBoS) appear to have the saae initial shape 
as the throat area change curves. However, test AC13, which has 
the steepest area change, has the sene gradual upward drift of 
test AC21 which has essentially no throat area change. The fact 
that is actually varying in the manner indicated is substantiated 

by identical trends in the vacuum specific impulse of the primary 
nozzle (l - F Vw ) as shown in Figs. 75 and 76 • 
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TigUr* 74. Characteristic VaJoci'gr Efficiency r» tia« # Teats AC14 AC21 
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It in Dot certain what causes tbs upward drift in efficiencyc Ons 
possible reason is that there Is a heat sink effect occurring within 
tbs chamber. A rough estimate of the difference in heating rate for 
the engine with cold walla and hot walls ( t? 800°P) indicated that 
approximately three seconds of specific inpulse would be gained during 
th. transition. Reference to the theoretical bafile beating rate 
curves (Fig. 48, page 109 ) indicates that relatively constant 
heating rite occurs after approximately one second ef operation. The 
water-cooled walls should achievd s stabilized surface temperature 
within eves less time. However, in initial sea level tests at 400 psia 
chamber pressure, melting an e portion of the nozzle surface occured 
only after five seconds of operation. 

Another possible reason for the increase in efficiency is indicated 
by the injector flow pattern relative to the baffle surface (Fig. 77 )• 

Coe quarter of the orifice pattern is adjacent to the baffle surface* 
in appreciable portion of flow appears to impinge cn the baffle walls. 

As the baffles heat up, vaporization and more efficient eoabustian 
may be jxomote<’. 

Yozzle thrust efficiency results obtained with the primary thrust method are 
illustrated for zero secondary flow in Fig, 73, The altitude tests 
showed the proper trend with pressure ratio and a very close grouping 
among the tares teste. The results achieved with secondary .flew 
and presented in the next section shoved equally consistent agreement 
with theoretical trends end an exceptionally close grouping of comparable 
or overlapping testa (high and lev pressure ratio) vith the same 
secondary flovrato. The experimental efficiency data obtained with 
a scaled cold-flow model (See Volume 1' of this report) are also shown* 

Hrcept for theoretical friction end kinetic differences, the efficiencies 
would be virtually the Bams. 
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Water Plow Teat of Jiuober 2 Injector 





































The theoretical performance estimate for the hot-firing Model ie 
comprised of a constant Jf ( » 1.25) transonic flow analysis of 

the throat region, a variable If (corresponding to shifting equilibrium 
properties during expansion) potential flow analysis of the nozzle, 
an analysis of theoretical reaction kinetics (using Bray criteria), a 
viscous flow analysis (drag) and measured base pressures. An area ratio 
of 26*1 was used for the theoretical computations because this corresponded 
closely to the actual area ratio during the firings vitb no -secondary * 
flow. 

The -L.ieorotical efficiency curve shews a peak efficiency of .9565 at a 
design pressure ratio of 300 compered to an experimental maximum efficiency 
of 96.0, The experimental data agrees within 1 percent of the theoretical 
performance from a pressure ratio of 450 to a pressure ratio of 50 where 
nozzle compression begins. The experimental hot-firing efficiency is 
approximately 3 percent higher than the theoretical estimates in ths 
pressure ratio range from 35 to 45. Tne fact that the cold-flow 
efficiency trend is the same as the hot-firing data suggests that the 
theoretical trend in t. e recomprossion region is in error. 

The results achieved using this method were definitely more logical in 

indicating performan*. e trends than any other method attempted and were 

adopted for the final interpretation of data presented here. The 

absolute level of thrust efficiency, however, probably has an uncertainty 

on the order of * 1 percent. If the poettest throat area for AA03 were 

selected as the reference, the altitude results would be based on 0.9 oereeat 

higher throat srens. If either the pre-or posttest A for the A3 series 

P 

were selected as the reference, the throat areas would he one percent 
smaller than the ire as actually used. The absolute performance level 
presented is a mean value and is probably representative of the actual 
performance level. 
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Nozzle Performance 

Tabulated values of thrust chamber and nozzle performance In t*'ia 
of£* » TL* » X a » » T?I * °* Cj t are presented vs tine 

P 8 S 8,t0p * r 

in Appendix r along with other pertinent data defining engine performance. 

For this discussion nozzle performance is described by nozzle thrust 

efficiency* and . Specific impulse efficiency data is not a 

good indicator of nozzSI performance for this engine because of variations 

in C* efficiency among the tecta and during a test* This is illustrated 

by Fig. 79 which shows the effect of time (pressure ratio decreases 

with increasing time) on for two long duration (7.4 seconds) 

altitude tests with no secondary flow. It can be seen that for the 

high pressure ratio test. at l /3 of design pressure ratio is 

equal to T) t at design pressure ratio. The same trend is shown 
-3 

for test AA03. Except for the first data point* which is in a peak 
performance region of pressure ,’atio* the f)~ curve is increasing 
steadily in a pressure ratio region where it should be decreasing. 

At approxirately 14 percent cf design pressure ratio Tj^ baa decreased 
only 1/2 percent. Therefore Tj j. is not a good indicator of nozzle 
performance fo< thi? particular lerospike engine because its combustion 
performance is improving with time. 

Sea level data is also shown in Fig. 79 . There is a difference of 
3.8 percent in efficiency between the data. There is, however* a 

difference of approximately 2.5 percent in Tj between the throe 

u p 

3 ea level tests £2)69, 71, 01 and the test AAQJ. However .the average 
slope of the thrust efficiency curve shown previously (Fig. 78 ) could 
readily be extrapolated quite close to the altitude data. Actual 
differences in betveen tests.therefore, can lead to erroneous 
conclusions about £ozzle performance. It can be seen by compering 
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Pig. 78 and 79 that the use of T)j does not give an accurate 
representation of nozzle thrust efficiency trends for this engine. 

(C) the effect of approximately 1.2 percent secondary floe an aerospike 

performance is shown in Pigs, qo and 81* in Improvement In on 

the order cf 0.3 to 0.5 percent, is indicated at design pressure ratio 

with this flowrate. A maximum performance increase of approximately 

1.5 percent is achieved at pressure ratios from approximately 90 to 130. 

From the pressure ratio where nozzle recompreasion begin# ( ^ 50), 

to a pressure ratio of 22, the performance with 1.2 percent secondary 

flow ia equal to the performance without secondary flow. With performance 

referenced to primary properties only (Cj , Pig. 81 )» performance 

with 1.2 percent secondary fl r is equal lo^zero secondary flew performance 

at design pressure ratio, and a maximum of 1 percent greater than 0 

secondary flow performance at a pressure ratio of approximately 110. Fren 

a pressure ratio of 50 down to 22, C_ , with 1,2 percent secondary new, 

* * top 

is approximately 0.3 percent lower than with zero secondary flow. For 
the sea level tests, a line joins the efficiencies obtained with and without 
secondary flow for the same firing. 

(c) Figures 82 through 85 show the comparison of nozzle and 

values for 2 to 3 percent secondary flow with those for zero secondary 
flow. C T gains with secondary flow on the order of .2 to .3 percent 
are indicated at design pressure ratio. With 2 to 3 percent secondary 
flow, a maximum performance improvement of about 1.2 percent is achieved 
at a pressure ratio of approximately 110. Again, the curves with and 
without secondary flow converge at a pressure ratio of 50. At a pressure 
ratio of 22, a loss in of 0.4 percent results with the use cf 2 to 
3 percent secondary flow. 
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Vben performance is compared using the topping cycle definition of j 1 

efficiency, C„ . is a proxiuately 0*5 percent lover with 

4 , so p j 

3*0 percent secondary flow at design pressure ratio* 

j 

(c) From a pressure ratio of 150 to 50,Cj is higher with secondary j 

flow by a maxima of approximately 0.5 percent. At a pressure ratio I 

of 22, C_ with 3 percent secondary flow is 0.8 percent lower than 
x, -op 

with no secondary flow. 

(c) With 5.0 percent secondary fluw t C^ at design pressure ratio was lower (Fig. 86) 

than the zero secodSk y flow by approximately 0.6 percent. Thrust 
efficiency with 5.0 percent flow was slightly higher than vith zero 
secondary flow from a pressure ratio of 150 down to approximately 50. 

At o pressure ritio of approximately 23, was about 0.6 percent lower 
5 percent secondary flow. 

(c) C_ with 5 percent secondary flow was approximately 1.8 lower than 

•top 

the no secondary flow C_ at design pressure ratio, and generally 

top 

lower over the entir* pressure ratio range (Pig. 87). 

(C) Figures 88 and 89 show the results of the te3t3 to determine the 

effect of mixture ratio on nozzle efficiency. All the tests were 
with approximately 3 percent secondary flow. AC13 and AC15 wore high j 

and low pressure ratio range firings, respectively, at a GG nixture 
ratio of .11* Test AC18 <nd AC17 were at a slightly lower mixture 
ratio of 0.10 and tests AC19 and AC20 were at & significantly higher 
mixture ratio of 0.18. Test AC 21 was a constant altitude test at ..... . j 

a mixture ratio of 0.11, (similar to AC13 and AC15). Table 10 lists j 

typical secondary flow 0* values for the test program. The effect of 
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energy level Is not apparent by examining Fig, 68 alone. C^> for the 
high GG energy level firings (AC19 and AC20) appears generally lover 
than the other tests. When comparing ^ values* however, tests 
AC19 and AC20 appear to have shifted upward approximately 0.3 percent 
relative to the other tests. This shift is a consequence of the defining 
equations (page 93 ) and the lower reference energy level of the lew mixture 
ratio (v* .10) secondary flow. The topping cycle definition indicates 
no significant differences in efficiency with energy level. 

Nozzle Base Pressures 

Figure 90 shows the nozzle base pressures with secondary flowrates 
from 0 to 5 percent. Aim shown are the base pressures obtained with 
the scaled cold-flow model (CF^) described in Volume I of this report. 

With no secondary flow and in the closed wake region Pg/P^ is constant 
at a value of .0066. Transition t« the open ueke region (Pg influenced 
by P & ) occurs at a pressure ratio of approximately 140. From a pressure 
ratio of 140 to 100, Pg is slightly below ambient pressure. At lower 
pressure ratios Pg is higher than ambient pressure. The cold-flow 
data base pressures appear to be almost identical to the hot-firing values. 

Base pressure increases continuously with increasing secondary flowrate. 

It can also be seen that baas pressure is influenced by anbient pressure 
at higher pressure ratios than with no secondary flew. 

Figure gi shows the base pressures obtained with 3 percent secondary 
flow and different GO mixture ratios. It is difficult to distinguish 
any effect of GG mixture ratio on the base pressures. 
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Kajor conclusions from the test results are 

1* The method of determining re La tire nozzle throat areas 
developed in this study is si analytical approach which 
should prove useful in the interpretation, of future data 
with this type nozzle. 

2. A relatively high level of noszla efficiency vaa achieved 
( w* 96.0) at design pressure ratio with a 12 percent length 
aerodynamic spike nozzle with zero secondary flow. Kozzls 
efficiency decreased by only 2.2 percent over the pressure 
retie range (*~ 350 to --35) investigated at AEDC. Sea 
level tasts with r ro secondary flow at pressure ratios 
from 22 (8 percent of design E&) to 29 (10.8 percent 
of design PE) indicates nozzle efficiency decreased 
in this region to a value of about 89.5 percent. 

5. Secondary flowrates from zero to 3 percent gave nozzle 

performance (c^) increases of approximately 0.5 percent at 
design pressure ratio. The maximal gains in (l to 1.5 percent) 
with zero to 3 percent secondary flow were achieved over 
a pressure ratio range from 150 to 50. 

4. At very low pressure ratios (~ 22) small lasses in C^(o.l te 
.3 percent) resulted with the introduction secondary flew. 

5. Hozzle Cj gains at all pressure ratios were approximately 
the same with secondary flowrates of 1 to 3 percent. 

6. Kozzie was noticeably lever with 5 percent secondary 
flow than with the other flowrates tested. 

7. When the nozzle efficiency is referenced to primary properties, 
a decrease in Cj ^ of fro* 0 to 0.5 percent results at 
design pressure ratio with the introduction of frem 1 to 

3 percent secondary. It should be noted that this small 
decrease in ^ still represents an efficient utilization of 
low energy turbine exhaust gases. 
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' Ho significant difference in thrust efficiency was noted 
for different energy level aocondary flows* 

9* Nozzle thrust efficiency and base pressure corresponded 

quite closely for the cold-flow (CF^) nodal and the ho Wiring 
thrust chamber. This su&cesta the use of inexpensive cold-flow 
tests with CF^ will provide near quantitatively applicable 
design information for hot-firing engines. 

Kajor recommendations resulting from this test program are 

1. For future testing efforts, special effort should be made 

to determine the base thrust contribution from base pressure 
measurements. These measurements can provide an accurate 
determination of nozzle efficiency trends and nerve es a 
valuable and independent check on efficiency trends determined 
from measurements of engine thrust, flows, chamber pressure 
and throat area. 

2. Base configuration and the method of introduction of secondary 
flow appreciably affects performance. Bot-finng tests 

. should be conducted to provide performance data, heat transfer 
rates, and other design technology with various base configurations. 

3. Recent analytical studies indicate that aerospike contours 

other than a truncated ideal may provide a significant improvement 
in low pressure ratio performance. Contours can be designed 
specifically for the low pressure ratio region and still give 
altitude performance close to that of an ideal spike. Analytical 
• contour design and cold-flow testing of several different 
contour designs should be conducted to verify initial analytical 
work. 
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SECTION IT 


EXTERNAL FLOV EFFECTS ON AEROSPHCE PBHFORKAKS 


introduction 

(c) Because of interaction which occurs between external and nozzle flows, 
vehicle base flow characteristics encountered in missile flight differ 
fro* those prevalent in quiescent air nozzle performance investigation*. 
These base flow characteristics are of little consequence with conven¬ 
tional nozzles since the expansion process is internal in this case; that 
is, the exhaust gases within the nozzle are shielded from the external 
flow by the physical expansion jurface provided by the nozzle. However, 
with an aero splice nozzle, the external expansion boundary la formed by a 
gaa-gaa interface, and is influenced by flow interference effects. Since 
the position of this outer boundary in the flow affects ueroeplke nozzle 
performance at low pressure ratios where the base pressure follows changes 
in aabient pressure ("open wake*), the presence of an external flow can 
affect aerospike performance under certain conditions. Previous cold- 
flow testing conducted under contract KAS 8-2654 (Ref. 21) established 
that the effect of external flow la email and is confined to a narrow 
range of in-flight operating conditions. Experimental study of these 
effects was continued under contract AFOd(6ll)-S948. Tbs priwry objective 
of this program was to confirm and extend, through bot-f low tasting, the 
results obtained in the cold-flow slipstream study. A secondary objective 
waa to evaluate the effect of base bleed flowrate on nozzle still air per¬ 
formance. Results of this investigation are dlectiaaed in the following 
sections. 

SOMXAHT 

(c) A hot-flow test program waa conducted to determine the influence of 
external flow on in-flight aerospike nozzle performance. A hot-fixing 
aerospike eng.se using hydrogen peroxide propellant* wae enclosed by an 
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aerodynamic fairing construe tad in tl 3 ebape of a ales lie body to aiculite 
an actual flight configuration. The angina generated 400 pounds of alti¬ 
tude thrust at a chamber pressure of 200 psia. in aeroapike nozzle 
with an area ratio of 25 a-xl a length equal to 20 percent of an equivalent 
15 degree conical nozzle was utilized to control the expansion of engine 
exhaust gases. The secondary flowrate wee 0.8 percent of the primary 
flowrate for all tests with external flow. Testing was conducted in the 
16-foot transonic and supersonic propulsion wind tunnels at Arnold Engi¬ 
neering Development Center (ASDC). Installation of the model in the 
transonic wind tunnel is shown in Pig. 92 • 
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(c) Nozzle performance was found to be unaffected by external flow in the 
"closed wake" pressure ratio region (pressure ratios at which nozzle base 
pressure is constant in still air). At low pressure ratios ("open 
wake”) performance of the model tested decreased at a rate which was 
dependent on freo stream Mach number and chamber pressure ratio. When 
strong flow interaction effects occurred, they were found to result in 


(c) ?orty teats were conducted to obtain still air and slipstreem performance 
trends in the transonic and supersonic wind tunnels. In addition, five 
tests were conducted in the transonic facility to demonstrate engine 
performance trends with secondary flowrate. Results of these teste 
confirmed that higo quiescent air performance (approximately 98 percent 
of ideal at design pressure ratio) can be obtained throughout a 
representative range of pressure ratios with a properly designed aerespike 
nozzle. The addition of secondary flow proved beneficial at all precoure 
ratios. It was found that the correct experimental performance level 
and trend with pressure ratio could be estimated above pressure ratios 
at which nozzle recoopression occurs using previously developed semi- 
empirical bo3e pressure relationships (Ref. 2 ) in conjunction with a 
potential primary flow analysis and viscous drag computations. 
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Figure g2. Test Installation in the Pransonio rfind Punnel 
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relatively high sotrie base pressure, which was alao shown by previous 
cold-flow data (Ref. 21 ). When flow interaction did not influence nozzle 
base pressure, both hot- and cold-flow nozzle performance data correlated 
with the "effective" chamber pressure ratio, P /P E . On the basis of 

C Of 

this result, it was concluded that* (l) missile base pressure approaching 
ambient pressure will result in nozzle efficiency in slipstream nearly 
identical to that obtained in still air, and (?) strong slipstream-primary 
flow interaction results in relatively high in-flight nozzle performance. 

(c) In-flight performance estimates generated under severe assumptions 

demonstrated that the time-integrated external flow effects over a typical 
aisaion result in a change in average specific impulse (i^) of leas than 
0.2 percent. Boat-tailing, mass addition to the missile wake flow, and 
reduction in missile base area are shown to be effective methods of 
reducing these effects still further. 

SLIPSTREAM TEST PROGRAM 

Preliminary Analysis and Design Studies 

(c) The slipstream investigation was designed to confirm and extend, through 
hot-flow testing, the results of previous analytical and cold-flow 
studies into the effects of an external flow on aerospike performance. 

The engine selected as the test model was a modified version of a 
hydrogen peroxide monopropellant engine previously used to verify cold- 
flow aerospike performance trends with secondary flowrate (Ref. 15). 

This selection was baaed on the demonstrated high performance of the 
engine, the evi»ellent decomposition characteristics of the propellant 
using the selected catalyst pack design, and repeatability of test results. 

The use of monopropellant allowed a very accurate measurement of combustion 
efficiency, resulting in consistent and reliable determination of nozzle 
efficiency, Cj. C* efficiency (approximately 97,5 percent) was determined 
directly from the measured combustion temperature ( 1350?)• Testing was 

conducted in the Propulsion Wind Tunnel at AEDC because of the 
capability of this facility to simulate a vide rango of potential 
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operating conditions. Pertinent nozzle flowfield and Mission operating 
characteristics leading to the selection of the model design and simulated 
test conditions and the expected nozzle performance and base pressure 
trends are discuaeed in the following paragraphs. 

(c) The external flow studies described in Ref. 21 provided invaluable 
Insight into the flow process encountered when an aeroapike nozzle 
operates in the presence of an external flow, and established many guide¬ 
lines for the test program discussed herein. In the cold-flow testing 
it was established that, for the conditions Investigated, the presence 
of an external flow influences aerospiko performance only in the 
open wake region. In atill air, the open vake region 

occurs below pressure ratios at which tha nozzle base pressure Just begins 
to feel the influence of ambient pressure as the chamber pressure ratio 
decreases. The external flow influence at these pressure ratios was 
found to alter the compression waves, or envelope shock, in the primary 
flow field which induces a change in engine thrust* This phenomena was 
explained on the basis of ths still air nozzle flow field (illustrated 
schematically in Fig. 93 ) as follows. 

(c) Initially, the primary flow undergoes a controlled expansion from the 
nozzle throat to the shroud exit. Beyond this point the flow expands 
freely about the point at the shroud exit to the local ambient pressure, 
P^. The left running expansion waves in the vicinity of the shroud 
exit are reflected from the outer free jet boundary as compression waves, 
which, in some cases, coalesce to form an envelope shock. The altitude 
compensating characteristics of the aeroapike under still air conditions 
are directly related to the position of these compression waves in the 
flow. 
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(C) At very low pressure ratio* (large P®) the position of th* outer fr#* 
jet boundary i* such that these compression waves reflect onto the nozzle 
contour and Internal free jet boundary a* shown in 94a • Both the 
pressure* along the affected portion of the contour surface and the nozzle 
base pressure, Fg, are subjected to a relatively high recompression pree- 
sure (approximately equal to the local ambient pressure) which results 
in high nozzle performance at off-design conditions. Aa the ambient 
pressure is decreased the outer free jet boundary moves outward so that 
the compresaion waves move down the nozzle contour. Once the ambient 
pressure reaches a certain low value these recompreasion waves can no 
longer intersect the contour surface and the thruat developed along thia 
surface remain j unchanged with further decreases in ambient pressure. 

The nozzle base pressure* however* remains under the influence of the 
local ambient pressure (Fig.94b ) until the position of the outer free 

jet boundary ia such that the recompression waves no longer intersect 
the internal free jet boundary (Fig. 94c ). Decreases in the ambient 
pressure below this value* which corresponds to a pressure ratio that 
is usually twenty to fifty percent of the nozzle design pressure ratio 
depending on tho nozzle configuration* have no further effect On the 
nozzle base pressure. 

(c) These trends with the local ambient pressure are changed slightly in the 
presence of an external flow. In this caae there are two interrelated 
phenomena which influence the primary flow field. First* the local 
ambient pressure to the nozzle* Pg^, changes relative to the slipstream 
otatic pressure, and in turn changes the initial structure of the 
primary flow free jet boundary. Because this missile base pressure* Fq^* 
is normally lover than ambient (the magnitude of base pressure decrease 
depends on afteroody geometry and external and primary nozzle flow 
conditions)* the position of the outsr free jet boundary is moved further 
away from the nozzle centerline than in still air. Thus* the compression 
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Aertfyna&ic Spike Flo.rfield at Various Pressure Ratios, 
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wavea emaninating frosi the initial portion of the outer jet.boundary 
striko the inner jet boundary farther dovnstreea than for a till air 
operation aa ahovn in Fig. 95 . Thie effect re suite in reduced recoa- 
preesion effoota in slipstream with attendant lover aosxle boae ptreaaura 
than obtained in artill air* 

(c) Secondly, the structure of the free jet boundary of the priaary exhaust 
stream ia further altered dovnstreea of the impingement point between the 
external and nossle flova (point k in Tig. 95 )* Because of the flow 
interaction at this point, the compression waves reflecting from the free 
jet boundary dovnstreea of this point, and the free jet boundary itself, 
are turned inward, aa shown in Fig. 96 • Under these conditions, the 
compression waves may intersect the Inner frae jet boundary farther up— 
strean and with a higher'pressure than in still air* This causes tbs 
nossle base pressure to be sensitive to changes in the ambient pressure 
for lover values of F 0 than the corresponding still sir case. 

(C) The net result of these two effects can be either an increase or decrease 
in base pressure from that obtained in still air operation, depending 
upon the relative strengths of the two compensating processes. The 
first effect described above is referred to as the influence of missile 
beoe pressure in ell subsequent discussion. To facilitate this discussion 
the eeoond effect is referred to as shock flow interaction, or Simply 
interaction, in succeeding sections. However, it must oe remembered that 
in reality both influences are interrelated, end are the result of inter¬ 
action between external and noTcla flow* 

(c) In the cold-flow test program it was found that missile base pressure 

was nearly equal to the free stream static pressure for subsonic external 
flow. Under these conditions, the position of the outer free jet boundary 
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Is nearly the sees ea la still sir st the corresponding pressure ratio 
(PcAo»), *• shown in Pig. 97s ). Hence, the influence of low missile 
base pressure was nearly negligible* and the shock flow interaction 
inflv.nce was predominate, is shown by the cold-flow data presented in 
fig. 58 > the nozzle base pressure a in this case are increased over 
those obtained in still air over a abort interval in pressure ratio 
because of the influence of the relatively high interaction pressure 
acting along the affected reconpreasion waves. This increase in base 
pressure results in a nozzle thrust Increase as indicated in Fig. 96b . 

(C) Conversely, relatively low missile base pres aura a were encountered in 
the cold-flow evaluation of supersonic external flow. In this case the 
position of the outer free jet boundary la as shown in Fig. 97b • Thus, 
although the compression waves are turned inward by the shock flow inter¬ 
action process, as in the subsonic case, the initial portion of tho free 
jet boundary is such that these waves intersect the internal free jet 
boundary farther downstream than in the still air case. This causes the 
nozzle base pressure to remain insensitive to changes in the ambient 
pressure, Pqq, up to higher values of than in still air (Fig,9&a ) 
with a subsequent loss in nozzle thrust in this region (Fig. 93 b). 

(c) Since in external flow the primary flow t..c initially expands according 
to the missile base pressure, Pg^, nozzle performance and base pressure 
may correlate with depending upon the relative strength of the inter¬ 
action effect. Therefore, a correlating performance term has been 
defined to enable computation of nozzle performance under flight conditions 
from still air data. This parameter, $, is defined by the equation (refer 
to Appendix 2 for nomenclature): 








far 0 < ■ _< 1 
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and ia referred to as a normalised thrust coefficient In subsequent 
dlscuaaion. When shock interaction offsets do not Influenoa nozzle 
performance, Eq. ( 1 ) raduc a a to tbs definition of nossle efficiency 
(coopara tbs above equation with Eq* ( 6 ) of Appendix 2 ), and tbs 

normalized thrust coefficient in external flov is identical to that 
obtained in still air for c irresponding values of However, if 

■hock interaction effects are strong (i.e., compression waves reflecting 
froo the outer free jet boundary downstream of the impingement point are 
turned inward and intersect the inner free jet boundary farther upstream 
than if tbs expansion mm governed only by the missile base pressure) the 
no* 7 .la base pressure is higher than would be expected from the value of 
Pq^, slop*. Under these conditions, the value of i obtained for noasle 
operation in slipstream is higher than that obtained for still air 
operation at cones ponding values of Pq/Pb^* 

(c) fbe nature of the normalized thrust coefficient, $, for the cold'-flow 
test conditions is shown in Fig. 99. It can be seen that external 
flow thrust coeffieiant data correlate with still air nozzle efficiency 
at all but the transition pressure ratios with subsonic external flow. 

The base pressure data in Fig. 96a indicate that interaction effects 
were predominate for these conditions* Interaction effects resulted in 
an increased no re all ted thrust coefficient over that obtained in still 
air through the transition pressure ratios as would be expected on the 
basis of preceding discussion. The objective of the current program 
was to confirm and extend these cold-flow reeults. 

Since external flow effects on aerospike performance are dependent on 
the nature of both the external and nozzle flows, a trajectory study was 
conducted to establish representative operating conditions in terms of 
free stream Mach number and chamber pressure ratio combinations for pump- 
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and pressure-fad booster engine*, .a.s study revealed that due to dif¬ 
ference* in operating paramotars a wide range of environmental conditiona 
aay arise depending on the application as shown in Fig. 100 • However, 
while the natvxe of the external flow and angina operating conditions 
are determined by the data in Fig. 100, the expansion characteristics of 
the nozzle are not reflected by these curves. In order to couple conditions 
in the free stream with the flow characteristics of the nozzle used in 
each of thesis applications, the ordinate in Fig. 100 waa normalized in 
terms of the nozzle design pressure ratio, and the trajectory data were 
replotted versus this normalized pressure ratio as shown in Fig. 101 • 

The normalized trajectories allow the testing of a single nozzle at a 
fixed chamber pressure over a small range of ambient pressures with 
valid application of the data to other nozzles with different chamber 
pressure, expansion area ratio, and mission Mach number profile. 

(u) The operating limits of the test facilities at AEDC (discussed in Ref. 20 ) 
sure shown in Fig. 102, These data, and the normalized trajectory data 
ahown in Fig. 101 were used to establiah the permiseable operating ranges 
shown in Fig. 103 for test models with various area ratios and chamber 
pressures. It can be seen that the desired flight conditions can be 
simulated with a vide range of model ares ratios by proper selection of 
the model chamber pressure (or vice versa). 

(c) The availability of comparable cold-flow data and condensation limits 
of the decomposition products of the hydrogen peroxide propellant led to 
the selection of a 25;1 nozzle area ratio and a chamber pressure of 200 
psla. As shown in Fig, 103 , this allows testing throughout a represen¬ 
tative range of Mach numbers and chamber pressure ratios. L short outer 
shroud was utilized which was designed to yield parallel axial flow st 
the throat and across a linear control surface drawn from the shroud exit 
to the end of the full length ideal spike contour. The spike contour 
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was truncated to an axial length which ia twenty percent of the axial 
length of an equivalent fifteen degree conical nozzle* Ninety percent 
concentration hydrogen peroxide which idt'illy decomposes at temperatures 
around 1400 degrees F (depending on inlet temperature) was selected as the 
propellant for both the primary and secondary flows. 

(c) Theoretical performance trends for this engine were determined. The 

primary flowfield of the nozzle was analyzed using the axially symmetric 
method of characteristics (programmed for automatic computation) to 
develop velocity and pressure profiles, and a boundary layer analysis was 
conducted to establish friction losses along the contour. Predicted 
primary nozzle wall pressure profiles are illustrated for various 
chamber-to-ambient pressure ratios in Fig. 104. The rise in nozzle wall 
pressure at low pressure ratios is caused by the recompression phenomena. 
This effect was found to cease at pressure ratios above approximately 63. 
These primary nozzle wall pressures were integrated over the nozzle sur¬ 
face area and combined with the pressure and momentum thrust at the throat 
to establish ideal primary thrust. This primary thrust value was cor¬ 
rected for drag losses and added to the base thrust established by es¬ 
timated base pressures to obtain total nozzle thrust. Base pressure 
estimates were made using the empirical techniques described in Ref. 2, 
and are shown as a function of chamber pressure ratio for various 
secondary flowrates in Fig. 105. For these calculations it was assumed 
that *> 70*3 = yc*p. 

(C) Predicted nozzle thrust efficiency with 0.8 percent secondary flow is 
shown in Fig. 106 l a function of the chamber pressure ratio. Efficiency 
gains with secondary flowrate are evident at all pressure ratios of 
interests optimum secondary flowrate at design pressure ratio (PR *»410) 
is approximately one percent of the primary flowrate as shown by the 
estimated performance trend with secondary flowrate in Fig. 107. 
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(c) Hardware Description . The engine assembly Is shown schematically in 
Fig. 108* The engine was operated with hydrogen peroxide monopropellant 
(90 percent concentration) in both the primary and secondary systems. 

The peroxide was decomposed in a concentric arrangement of silver 
screen catalyst packs located within the engine. Radial outward 
secondary flow injection le effected through conic orifices lccatsd in 
the center of a deep base cavity. The secondary flowrate waa maintained 
at a constant value of 0.8 percent of the primary flowrate throughout 
the slipstream phase of the teat progran. Still air testa were con¬ 
ducted with 0 and 1.7 percent secondary flow at the conclusion of the 
program. The engine is fabricated of 347 stainless steel and is un- 
cooled with a steady state operating temperature of 1350(combustor 
and throat regions). Model dimensions ware set to achieve a chamber 
pressure of 200 pels, design thrust level of approximately 410 lbs, and an 
expansion area ratio of 25 when the ateady-atatw. operating temperature 
waa reached. 

(u) The location and installation of the test article in the 16 foot tran¬ 
sonic and supersonic wind tunnels at AEDC is shown in Figs. 109 through 
112. These wind tunnels are continuous flow, closed circuit tunnels 
capable of operating over a range of Mach numbers from 0.55 to 1.6 and 
1.7 to 3.1, respectively. Operating limits of these facilities were 
presented earlier in Flg.102, page 202> A detailed facility description 
is contained in Ref. 20. 

(0) The engine was mounted on e water cooled force balance which was sup¬ 
ported by a strut extending from the floor of the teat section. In 
order to simulate a typical launch vehicle, the engine and ferns 
balance assembly were enclosed in an aerodynamic fairing constructed in 





Figure 108. Crow Section View Rocket Eo|ine 




?igur* 109 . Test Installation in the Supersonic Vin4 Tunnel 












Figure ill. Test Installation in tha 16'" Teat Saetion 




Figure 112» Installation of Slipetreaa Modal in the Transonic Wind Tunnel at AEDC 













the shape of a aiaaile body. A dimensional sketch of the model ie ahown 
In Fig. 113! end e cross sectional view of the assembly is shown in 
Fig. 114. The exit plane of the model extended approximately two strut 
chord lengths dovnstresa of the strut trailing edge to reduce the strut 
interference on the aodel base to a minimum. In eider to obtain nozzle 
performance as a function of the pressure which controls the expansion 
of primary exhaust gases* a flat* cylindrical missile boat tall was 
selected to insure a separated flow over the missile base with an 
attendant uniformly distributed missile base pressure. This ie not 
necessarily typical of future configurations because of the relatively 
low missile base pressures characteristic of this geometry. Extensive 
testing would be required to cover all possible future boat tall 
geometries* and the flat* cylindrical base was chosen to simplify the 
interpretation of teat date. 

(tt) Pressures along the missile base were equalised with the pressure 
within the simulated vehicle by providing an annular pbetaSSfi 
the engine and outer skin which allows a gas flow from the model base 
to the interior of the missile body. Thia enables direct measurement 
of nozzle thrust referenced to the pressure that controls the nozzle 
expansion (i.e.* the missile base pressure) exclusive of the missile 
base and skin drag. Concentricity between the engine and the missile 
skin was maintained by means of adjustable set screws located in the 
thrust mount. Pressure instrumentation was provided along the forward 
face of the engine and on the fore and aft sections of the force 
balance as a precautionary measure to enable thrust corrections in the 
event of an unbalance between the missile base and internal missile 
pressures. 
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figur* 113 . SiMQSioned Sketch, SlipstrMm Motel 
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(u) Basin# propellant linos, coolant lines for tbs fores balance, and 

instrumentation lines were routed to the model assembly along the strut 
and enclosed by aerodynamic fair.' 1 ago. Propellants and coolant vers 
supplied through rigid tubing which vaa free floating through a right 
angle turn down to a fixed cantilever point well within the support 
strut. This cantilever point was located such that undesirable tare 
forces cn the balance system were negligible. 

(u) As shown in Fig. 114, peroxide was supplied through four dsscrets 
feed lines to the primary annular catalyst pack from a toroidal dis¬ 
tribution manifold located on the aft section of the force balance. A 
fifth feed line supplied propellant to the central secondary catalyst 
pack. Drilled passages in the shell separating the annular and central 
catalyst packs allowed communication between primary and secondary 
supply systems after peroxide decomposition. A facility flow schematic 
for these tests is shown in Fig. 115 * 

(u) Pressure orifice and thermocouple locations on the % 2 Q 2 • ng * ne and 

model are shown in Fig. U6 . Steady-state pressures were measured with 

differential pressure transducers located in ths tunnel plenum and 

referenced to test section wall static pressure. The rocket engine 

chamber pressure and injection pressures were measured with model-mounted, 

absolute strain-gage-type transducers. The total flow rate 

(primary + secondary) was measured with a turbine-type flowmeter 

located out3ide the tunnel shell. A thermocouple located in the H_0_ 

2 2 

supply line just upstream of the flowmeter was used to correct the 
measured volume flow for the density. A bench calibration of the 
secondary flow discharge orifice was used to calculate the secondary 
flow rate. 
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Pressure Orifice and Thermocouple Locations 
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(?) Test Procedure . The teat program was designed to systematically cover 
the range of conditions Indicated in Fig.103* The "as tested" operating 
parameters are plotted along vith the data of Fig. 103 in Fig* 117* Am 
indicated, both the transonic and nupersonlo facilities at AEDC were 
used to cover the deairod range of operating conditions. It can be 
seen that', although the testing was conducted over repeated increments 
in chamber pressure ratio, most of the data points vers taken at con¬ 
ditions which closely approximate those along the trajectories in 
Fig* 103. 

(?) During a typical test sequence, the engine was fired after the propellant 
system was pressurized and the desired teet conditions of Mach 
number and total pressure were established in the test section. The 
correct propellant weight flow was maintained throughout the firing by 
supplying the run tank with regulated nitrogen flow. The rocket engine 
was operated for approximately 30 seconds at each of the tunnel test 
conditions to allow the combustion temperature to reach equilibrium. 
Transient data recorders and motion picture cameras were turned on just 
prior to the rocket firing) steady-state data points were obtained at 
3-sec. intervals throughout the fir'ng in the supersonic facility, and 
at 3-oeo. intervals in the transonic facility. 

laaS-Baaita 

(?) A summary of the testing conducted in each facility is indicated in 

Table 11. Forty teats with V fl = 0.0 percent wero conducted to evaluate slip¬ 
stream effects. The remaining five tests were conducted to establish nozzle 
performance trends with secondary flowrate. Reduced data for each teet 
include) nozzle thrust and specific impulse efficiency based on both 
ambient end missile base pressure; wall pressure ratios) P |r /P < ,) average 
engine and missile base pressure ratios, Pg/? c and P fi ^/P c i chamber and 







Percent of !>esl(^n Pressure Ratio, Pfl/PR, 
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miaiila base to ambient pressure ration, P c /P 00 and Pg^/P^ and no condory 
flowrate ratio, VV Data reduction was performed at AEDC using 
automatic digital computation equipment# The techniques utilised to 
obtain these parameters from the measured data iro discussed In 
Appendix 2 • Measured parameters and reduced data for each t»*t sr« 
listed in ""He 17 of Appendix 2 and Appendix 3# respectively# Engine 
operating characteristics established by these data in still air and in 
slipstream are discussed below# 

(c) Cuieacent Air . As indicated in Fig, U7, extenaiva testing was conducted 
under still air conditions to quantitatively establish performance trends 
with altitude and secondary flowrate for reference purposes. This 
testing confirmed that thrust efficiency values greater than 98 percent 
can be achieved at design pressure ratio with a properly designed 
aerospike nozzle operating uith secondary flow. It wae also established 
that off design performance with 0.8 percent secondary flow remains 
above 94 percent down to pressure ratios of approximately 10 percent of 
design pressure ratio (corresponds to sea level for most engine 
applications; cf Fig. 102) '.a demonstrated by the data presented in 
Fig. 118. Altitude compensation is in evidence at all pressure ratios 
investigated down to three percent of design pressure ratio; performance 
of the aerospike is seen to be considerably above that of a non- 
compensatine- nozzle at all pressure ratios below 140. The non- 
compensa'.ing efficiency curve was determined using the standard 
equations for conventional nozzle performance in conjunction with the 
assumption that design efficiency of the conventional and aerospike 
nozzles were the same. It can also be seen in FigJ.18 that good data 
repeatability was obtained between the transonic and supersonic test 
facilities at AEDC. Decomposition efficiency was nominally 97.5 per¬ 
cent for these tests. The shaded symbol in Fig.118 represents question¬ 
able efficiency data and has been excluded from the remainder of the 
plots presented herein# 
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118. Still Air Nozzle Efficiency vs Chamber Pressure Ratio 








(c) Aerot^ike "open wake" performance trends with altitude can be attributed 
directly to the influence of ambient pressure on nozzle base and wall 
pressures. Average nozzle base pressure ratio, with 0.8 percent 

secondary flow is shown aa a function t I chamber presaura ratio in 
1ig.US. For this nozzle and secondary flowrate, base presaura remains 
constant (closed wake conditions) with decreasing ambient pressure for 
all pressure ratios greater than 150, which corresponds to a low point 
in t! s efficiency curve in Fig.118. Below this pressure ratio, bass 
pressure is greater than ambient pressure for all of tho conditions in¬ 
vestigated. Thus, a positive thrust ia developed across the engine 
base at ail pressure ratios. The base thrift and nozzle recompression 
contribution becomes substantial at low pressure ratios and results in 
the high nozzle efficiency indicated for the aerospike at low altitudes 
(Fig.118). 

(c) The recompression phenomena which causes base pressure to adjust to 
ambient pressure at low pressure ratios also causes the primary nozzle 
wall pressures to increase at vary low pressure ratio* as shown by the 
wall pressure data presented in Fig. 120. As indicated, the wall 
pressure fcrerd with ambient pressure at locations near the end of the 
nozzle is similar to that predicted theoretically; good agreement 
between experiment and theory is evident for stations near the end of 
the nozzle. However, experimental data deviate from the predicted 
trend within the shrouded portion of the nozzle. 

(C) Experimental data that show performance trends with secondary flow are 
presented in Fig.121. It ia readily seen that the addition of si ;ondary 
flow la beneficial to performance at all. pressure ratios. 
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(c) Tho experimental base pressure for secondary flowrates 0, 0.8* cad 

1,7 percent *re shown as a function of chapter pressure ratio in Fig.122. 
Resale effioienoy computed using the measured base pressure differential 
from base pressure for 0.8 percent secondary flow (refer to oq (io) of 
Appendix 2) is presented in PigJL23« Efficiency gains with secondary flow 
ere again evident throughout the range of pressure ratios investigated, but 
cooputed effioienoy without secondary flow is nominally one percent above 
the measured values (compare Pig.l2l). Also, computed performance for 1.7 
percent secondary flow is nearly identical to that for 0.8 percent flow aa 
compared to the substantial loss ( - 2 percent) indicated for 1.7 percent 
secondary flow in Pig. 121 . Although no reason could be found for this dis¬ 
crepancy between the measured and computed magnitude of performance gain 
with secondary flowrate, these hot flow data do establish the expected 
performance trend in both cases. 

(C) A comparison between the theoretical and measured nozzle efficiency is 
presented in Fig.124. Measured base pressure (from Fig, 122 ) was utilized 
to compute the predicted performance. As indicated, good agreement exists 
between experiment and theory. 

The efficiency trend with secondary flow computed from the measured change 
in base pressure foilowa the predicted trend very closely as shown in 
Fig.125. 

(c) Base pressure estimated using the empirical technique developed in Ref. 2 
(FigJj05, uage 206)»aa found to be slightly higher than that measured for 
0.8 percent second ary flow in the "closed wake" and "transition" pressure 
ratio regimes as shown in Fig,126. A cross-over point between measured and 
estimated base pressure occurs at a pressure ratio of ICO. Estimated base 
pleasures fall slightly below the measured values at pressure ratios less 
than 100. The percent deviation ranges from -7 percent at low pressure 
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Figure 125. Comparison Between Estimated and Measured 
Efficiency Trend with Secondary Flowrate 
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Figure 126 . Comparison Between Estimated and Measured Base Pressure 
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ratios to 4-17 percent at a pressure ratio of 150 and back to +3 percent in 
tbs closed wake regime. Similar results were obtained with aero and 1*7 
percent secondary flow as shown in fig. 127. 

(C) External flow . Slipstream testing was conducted over a range of Mach 
numbers free 0.55 to 2.2 and a range of chamber pressure ratios front 8 to 
115 percent of the nodel design pressure ratio (PH»410). Hozzla efficiency 
data (referenced to the static pressure of tiw free stream as in eq 6 of 
Appendix 2 ) obtained under these conditions are presented as a function of 
the chamber preasurt ratio, P c /P qo , in Pig. 128. Performance is seen to be 
unaffected by free stream conditions at all pressure ratios above approx¬ 
imately 150, which closely approximates the pressure ratio of base closure 
as shown by the data in Pig.122. Below thin pressure ratio, efficiency 
decreases at a rate which is dependent on the free stream Mach number; 
performance at low pressure ratios ia lowest for high (supersonic) Mach 
numbers. 

(c) These efficiency data are replotted as a function of percent of design 
pressure ratio ia Pig.l29« The flight trajectory data shown in Pig.101, 
page 201i were used to obtain the indicated nozzle efficiency limits for 
the most adverse flight conditions. Typical aerospike booster performance 
below the closed-wake pressure ratio (in still air) will lie above the 
shaded region and the non-compensating performance curve. For higher 
pressure ratios, nozzle performance is unaffected by Mach number. It can 
be seen that nozzle performance is only moderately reduced under typical 
flight conditions. Application of the data to a typical trajectory will be 
discuss* ?d in more detail in a later section. 

(c) The indicated decrease in performance with increasing free steam Mach 
number was found to result directly from a similar trend in nozzle base 
pressures at low pressure ratios. Engine base pressure data measured 
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J.28. Aeroapike Kozzlo Efficiency vs O’, trber Pressure Hntio With External Flow 
































129. Aerospike Nozzle Efficiency vs Percent of Design Pressure Ratio 






















uoder the aforementioned external flow coalitions are indicated in Fig, 130 
As shown, a closed vaks condition oc.urs at lower pressure ratios in slip¬ 
stream than in a till air, and base pressure is unaffected by the presence 
of external flew at high pressure ratios. Also, at low pressure ratios, 
base pressure does not recover to the sane value in slipetreaa as It does 
in still air. The magnitude of boss pressure in the open voice is seen to 
be a strong function of free stream Mach number, and forms the basis for the 
trend in nozzle efficiency indicated in Pig. 12& 

( 0 ) Nozzle wall pressures were found to be unaffected by external flow except 
at Mach number 0.9 at a pressure ratio of 32 where a alight decrease 
occurred. These data are presented in Fig. 1JL 

(c) These efficiency and nozzle base pressure trends in slipstream are similar 
to those obtained through the cold-flow testing discussed previously at 
pressure ratios above which base pressure is constant in still air. 

Trends at low pressure ratios with subsonic external flow differ from those 
established by the cold-flow data, and were found to be the result of lower 
missile base pressures than those measured in the cold-flow program. 1 be 
average pressure acting over the missile base with the hot-flow model is 
shown plotted against the chamber pressure ratio of the engine in Pig, 132, 

It is readily eeon that sub-ambient missile base pressures were obtained 
for all tests with external flow, Kis3ile base pressure ratio decreases with 
increasing pressure ratio in subsonic external flow, while the opposite 
trend occurs with supersonic slipstream air, A reversal in this trend is 
observed at very low pressure ratios with free stream Mach number of 1,2, 
indicating a probable "opening" of the wake flow downstream of the missile 
base ( Fig4.33) with corresponding tendency for missile base pressure to 
approach the free stream static pressure, 

(C) A cro3splot of the curves in Fig. 132 was made to show the effect of free 
stream velocity, and is presented along with cold-flow data from Ref. 21 in 
Fig, 134. As shown, the rate of missile base pressure decrease with increasing 
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Figure 132* &i33ile Base-To-Anbient Pressure Ratio V3 Chanber Pressure Ratio 
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Figure 134. Effect of Free Stream Kach Number and Chamber 
Pressure Ratio on Missile Base-To-Ambient 
Pressure Ratio (Cross Plot From Fig. 41 ) 
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(c) Hach number is approximately the same in subsonic flow aa in supersonic flow in 
both cases. A discontinuity occurs for sonic slipstream velocity. At this 
free stream velocity, a reversal in trend with chamber pressure ratio alBO 
occurs except at a chamber pressure ratio of 36 ( PB/PR = 0.063) which is 
felt to be an "open waka" condition at the base of the missile with the hofr* 
flow engine. The hot-flow misfile bane pressures fall below those obtained 
with the cold-flow configuration for subsonic free stream Mach numbers. This ia 
apparently a consequence of slightly dissimilar gas properties, nozzle contours* 
and afterbody configurations between the hot- and cold-flow models. 

(C) The open-wake nozzle performance trends in external flow (Pig. 128, page238) are 
attributable to the combined influence of the reduced missile bans shown in 
Fig>134» and shock flow interaction effects. It was discussed previously that 
the relative influence of these effects could be distinguished by means of the 
normalized thrust coefficient* (J) (cf Fq. (7 ), page^i). If the effect of 
reduced missile b&se pressure predominates, this parameter reduces to the 
definition of nozzle efficiency, and the thrust coefficient data obtained in 
external flow correlates with that obtained in still air when plotted versus 
the "effective" chamber pressure ratio* P^/P^ . When shock flow interaction 
occurs the normalized thrust coefficient is h?gher than that obtained in still, 
air for corresponding values of Pg/Pg » because of higher nozzle base pressure 
under these conditions than would be expected on the basis of P n alone. The 

> B v • 

shock interaction effect was defined earlier as an influence on performance 
caused by compression waves emanating from the outer free Jet boundary down¬ 
stream of the impingement point (point A in Fig. 96 , pagel93) which are turned 
inward as a result of strong flow interaction. These compression wavta inter¬ 
sect the inner free Jet boundary farther upstream than if the expansion were 
controlled only by the missile base pressure. 

(C) normalized thrust coefficient trends with the chaaber-to-olssile base pressure 
ratio, t C /P 0 * are shown in Fig. 135. The normalized thrust coefficient is 
higher than lhat obtained ir, still air for M * 1.2 and 1.4 at affective 
pressure ratios of 350 and 410 respectively. For these two tests* the nozzle 

246 

CONFIDENTIAL 








"KfOoti' 



























COLISEUM 


btM prwabure was increased through relatively strong flow interaction at 
these effective pressure ratios as shown in Fig.136. The correlations is 
Figs.135 andl 36 indicate' that the influence of reduced missile base pressure 
was the predocainate effect in establishing nozzle performance and base 
pressure trend3 in Piga.128 and 130 for all of the remaining hot-flow test 
conditions. The absence of flow interaction effects with subsonic external 
flow in the transition pressure ratio regime explains the discrepancy 
between hot- and cold-flow efficiency trends in this region. The correlating 
parameter* $ * in Fig. 135 can be used to obtain in-flight performance esti¬ 
mates by means of still air performance and known missile base pressure* but 
these estimates will be conservative because shock effects are neglected 
using this procedure. 

(c) The results in Figs. 134 and 136 indicate that both missile base pressure and 
interaction effects are dependent on the physical and dynamic properties 
of the primary and slipstream flows, and on the missile and nozzle geometry. 
However, more work is needed to establish the relative influence of these 
parameters on missile base pressure and interaction effects. Once the 
nature of these effects ia fully defined, a more detailed study of nozzle 
performance trends in external flow can be conducted. It is felt that* for 
the most part, these aspects can be evaluated theoretically. 

APPLICATION OF TEST RESULTS 


(c) The nozzle efficiency data discussed in the previous section is a combined 
function of Mach number and pressure ratio. Therefore, a typical booster 
trajectory must be examined to assess the overall effect on in-flight 
system performance. The correlations presented in Figs. 135 and 156 
demonstrate that aerospike nozzle performance and base pressure trends in 
alipstreom are identical to those in still air (except when slipstream 
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interaction occurs) if represented as a function of the local ambient pressure. 
(P_ ) to the nozzle. Therefore, nozzle performance trends such as those In 
128 can be established for any engine-vehicle configuration through 
knowledge of still air performance and missile base pressure as a function 
cf altitude by means of the normalised thrust coefficient, f. 


for cases without interaction, nozzle performance based on the chamber-to- 
ambient pressure ratio, ?c/Pqo can be obtained by first determining Ig/PUy. 
then, engine thrust is obtained from the still air performance curve for the 
nozzle in question through the normalized thrust coefficient, $, and the 
estimated value of Pc/Pb* as follows* 


? V (Fid P + Fi5 s ; Pc * 

jS, % 


Tho thrust corresponding to the true ambient pressure, ?oo* ** then 
obtained from* 


p) Pc 

*00 P »T 

where 1^ is the nozzle exit tires. Performance corresponding to P^is given 
by* 


C T„ 


l V'“.V p «> 


For isoenergetic primary and secondary flows with equal specific host 
ratios, this procedure can be abbreviated as follows: 


<1 CP, 


^opt'Pe/Poo 


00 


( 2 ) 
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(c) la indicated by tha results of this hot-flow program, the occurrence of 
external flow interaction effects are difficult to predict without detailed 
study of flow processes involved in each case. Howe ver, oGQservative 
estimated of nozzle efficiency in external flow can be obtained a imply by 
ignoring interaction effects (both the hot-flow and cold-flow data Indicate 
that these effects are beneficial to performance)* 

(c) In order to obtain a "worst case* estimate for the magnitude of external 
flow influence over a typical booster mission, it was assumed that the still 
air expansion characteristics in Pig. 113 (in percent of design pressure 
ratio), end missile base pressure trends in Pig. 134 were representative of 
an LO-^/lii, aerospike engine with area ratio of 80 and chamber pressure of 
15*0 psia. Interaction effects were assumed to be negligible. The assumed 
trajectory corresponds to Case II in Tig. 101, page201 (two-stage vehicle), 
which is reproduced in Fig. 137 . In order to facilitate performance com¬ 
putations, the nozzle efficiency in slipstream was normalised in terms of 
the still air nozzle performance, and plotted versus the free stream Mach 
numbers for various values of the percent of the nozzle design pressure 
ratio as shown in Pig.138. The interpolation at subsonic Mach numbers was 
accomplished by using the data in Fig. 134in conjunction with eq. (2 )• 

These performance estimates are somewhat cdnservative,because in-flight 
missile base pressure can probably be made higher than indicated in Pig. 134 as 
discussed in a later section. 

(c) Application of the generalized efficiency data in Pig.138 leads to an in¬ 
flight specific impulse variation as shown in Fig.!;#. It can be s*-or> that 
slipstream effects are influential only during approximately 15 percent of 
the total trajectory time. The overall slipstream effect is to decrease the 
time-integrated specific impulse by 0,17 percent. 
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Methods of Reducing Slipstream Effects 

(C) Th“ hot- and cold-flow data discussed herein have shown that the presence 
of an external flow can Influence aerosplke nozzle performance in two 
ways; both are closely coupled with the gas properties and expansion 
characteristics of the nozzle. The first effect of slipstream results 
from a decrease in vehicle base pressure with increasing free stream Hash 
number which causes the nozzle exhaust flow to expand through higher 
pressure ratios than in still air. Secondly, nozzle performance is affected 
when strong shock interaction between slipstream and nozzle flows is such 
that some of the recompression waves emanating from the outer free jet 
boundary strike the inner free jet boundary farther upstream than for 
the case where the missile base pressure is the sole factor governing the 
nozzle expansion process. 


(c) The Increased expansion caused by low missile base pressures results in lew 
nozzle base pressure relative to that obtained in still air with an 
attendant reduction in performance at low pressure ratios. This is caused 
by increased turning of the outer free jet boundary of the aerosplke thereby 
reducing the effectiveness of recompresaion waves in the nozzle flow as 
* '■ lustrated in Fig. 95» page 192. Thus* one way of increasing in-flight 
nozzle performance at low altitudes is to increase the pressure acting 
along the outer free jet boundary which controls the expansion process. 
Missile base pressures approaching ambient pressure result in negligible 
slipstream effects. Past study has shown that the most effective means 
of obtaining high misaile base pressure is through proper design of the 
missile base geometry and/or through masB addition into the base wake 
flow. Afterbody configurations found to result in relatively high afterbody 
thrust throu^ previous investigation (e. g. Ref, 22 and illustrated in 
Fig. 140. Missile base pressures obtained from the cireulor arc boat-tail 
configuration (Fig. 140b) are ahown in Fig. 141 compared to that 
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obtained from a oimple cylindrical boat-tail similar to that tested in thia 
program, It can be seen that substantial increases in missile base pressure 
are possible through proper afterbody design. The effect of boss addition 
into the sake flow downstream of a rearward facing atep is illustrated 
schematically in Fig. 142 , and is discussed in Ref. 23 • As shown ir„ Fig. 142 
the base pressure increases markedly through the addition of a small amount 
of bleed flow. 

(c) Results obtained to date have shown that when flow interaction does change the 
intrinsic operation of the nozzle, the overall effect ia an increase in base 
preseure over that obtained without flow interaction as shown in Fig. 135 • 

To show the nature of interaction effects, the average curve through the 
missile base pressure data in Fig. 132, page 243 • is shown along with nozzle 
base pressure data from Fig. 136 , page 249 . in Fig. 143 » The nozzle base 
pressure tends to follow changes in the free stream static pressure in the 
"open-wake regime Just aa in still air (also shown by the date in Fig. 130 ). 

In slipstream, communication between tha nozzle flow field and free stream 
conditions is achieved directly through the missile base pressure as shown 
by the majority of thia data, and through flow interaction * 1.2, 1.4) 

S'* chamber-to-missile base pressure ratios of 300 and 410, respectively. 

However, only the portion of the outer free Jet boundary of the nozzle 
downstream of the point of flow impingement (point A in Fig. 95 , page 192 ) 
is influenced by Pq, in the latter case. Therefore, the base pressure increase 
is not as pronounced e«, it is for the corresponding case in still air. 







1.0 




where P ~ mass bleed flow per unit ere* 


Figure 


142. 


Effect of Bleed on Base treasures in Two-Dimensional Flow 
Over a Back Step, 
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(c) Seducing the portico of the nozzle free jet boundary exposed to the rela¬ 
tively low missile base pressure aa shown in Fig* 144 b will alleviate this 
situation. Altering the afterbody design in this aanaer will allow the free 
atreaa static pressure to act over nearly the entire free jet boundary, and 
nozzle base pressure will recover to this pressure rather than the missile 
base pressure, just aa In atill air. Consequently, nozzle performance in 
slipetresa will be similar to that in still sir* Actually, if compression 
waves in the nozzle flow are turned inward by the interaction process aa 
illustrated in Fig. 96 , performance obtained in external flow may be 3lightly 
higher than that obtained in still air at low pressure ratios. This 
apparently was the case in the cold-flow program where relatively high 
missile base pressures combined with flow interaction resulted in an in¬ 
crease in efficiency with subsonic external flow. Since the missile base 
pressure is no longer the predominate influence for email base areas, the 
correlation presented in Figs. 133 and 136will not represent a true indica¬ 
tion of the expansion process. Of course, this afterbody design will also 
be beneficial to vehicle base drag characteristics, since the area subjected 
to sub-ambient pressure is minimized. 

A recent paper (Hef.24 ) presented results of an experimental study of the 
performance of low angle plug nozzle performance in slipstream. The aaae 
interaction effects discussed herein were observed and the use of a slender 
base lip improved performance considerably. 

CONCLUSIONS AND RECOMMENDATIONS 

(c) Analysis of the data presented herein leads to several conclusions re¬ 
garding aerospike performance in still air and with external flow. These 
are the following: 
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l) Still air pegtarmflr.ee of a properly designed aarespike throat 
chamber is approximately 93 percent of ideal at dettign pressure 
ratio under the conditions tested in thin program. Altitude com¬ 
pensation Is obtained at all pressure ratios. 

a) The addition of secondary flow is beneficial to per¬ 
formance at all pressure ratios. Optimum secondary 
flow is between 0.6 and 1.7 percent of the primary 

flow for the conditions tested. f 

b) Excellent agreement between predicted and experimenta l , 

performance was obtained for all pressure ratios 

greater than 32. 


2) Aerospike performance is unaffected by external flow In the closed 
wake pares/ *re ratio region. In the open wake region, performance 
and base . 're of configurations similar to that tested in 
this program decrease at a rate which is Mach number and pressure 
ratio dependent. Similar results are obtained through cold-flow 
testing except when flow interaction influences performance. 

a) For cases without flow interaction, both not- and cold- 
flow nozzle performance and base pressure data tend to 
correlate with the chaober-to-missile base pressure 
ratio. This indicates that the missile base pressure, 
in most cases, controls the nozzle expansion and con be 
used to fora the basis for connarvativa in-flight 
performance estimates. 

b) Sot- and cold-flov s- sails base pressure and interaction 
effects differ indicating an Influence of nozzle gas 
properties on slipstream effects. 
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3) External flow effects integrated over a typical mission are 
aiwflTj and can be further reduced by proper afterbody design* 

a) Conservative performance estimates based on the missile 

base pressure data presented herein Indicate that time 
integrated specific impulse (i^ la reduced by 0.17 
percent because of the influence of external flow. 

b) Missile base pressure can be increased substantially 
through boat-tailing (Fig. 141 ) and/or mass addition 
to the base wake (Fie. 142 ) thereby increasing per¬ 
formance in external flow. 

c) Communication with free stream static pressure can be 
induced at all altitudes by causing flow interaction 
for all conditions through minimization of vehicle 
base area. Nozzle performance under these conditions 
will be similar to tljat obtained in still air at low 
pressure ratios. 

(C) Based on these results, it can be seen tnat external flow effects are mail 
ever, under severe conditions, and can be reduced still further by proper 
afterbody deuign. Further analytical studies can be conducted to theoretically 
determine missile base pressure trends with the following: primary nozzle 
geometry, g>s properties and flow conditions of the primary fiowfield, missile 
afterbody geometry, and external flow conditions. These studies should also 
attempt to establish the nature of external and nozzle flow interaction 
effects, and the conditions under which these effects influence performance. 

The results of these studies should be vised to devise methods of reducing 
adverse slipstream < > "'ects incurred because of sub-ambient missile base pressure, 
and to quanbitati .mine various means of using flow interaction effects 

to advantage. En r ' .ental testing should be conducted to verify the results 
of the analytical svudy. 
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AEROSPIKE LIQUID INJECTION THRUST VECTOR CONTROL INVESTIGATION 


INTRODUCTION 

(U) Recent advances in rocket engine technology have resulted in a need for In¬ 
creased study of means for providing directional thrust control for future 
generation rocket vehicles. Secondary injection of fluids into the engine 
exhaust streams has proven to be an effective and efficient method of thrust 
vector control (TVC) in several present applications; and cold-flow testing, 
complemented by analytical engine system studies, has shown that this Is 
also a competitive TVC technique for advanced aerospike engines. One of the 
objective of the Advanced Aerodynamic Spike Configurations Program (AF04(61l)- 
994 3) was to supplement current aerospike TVC technology by providing suffi¬ 
cient hot-flow liquid injection thrust vector control (LITVC) test data to 
establish design criteria and enable quantitative performance evaluations 
for future high-thrust aerospike engines. 

(0) A test program was formulated so that this TVC technique could be studied 
using a modified version of the storable propellant (NgO^/UDIE-HgH^,50-50) 
aerospike thrust chamber tested previously in this program. Chamber pres¬ 
sure selected for the TVC testing was 200 psia with an attendant thrust 
level of approximately 5600 pounds at vacuum. Area ratio of the aerospike 
nozzle was 25:1, and the axial length was 25 percent of the axial length of 
a 15-degree conical nozzle with equivalent area ratio. Injection of the 
TVC flow was effected through orifices located in uncooled contoured flow 
rings which comprised the aft section of the nozzle. Testing was conducted 
in an altitude facility at Arnold Engineering Development Center (AEDC), 

J2 cell. A typical test configuration is illustrated along with the flow 
field accompanying liquid N,>0^ injection into aerospike mainstream gases in 
Pig. 145 • The previous SITVC analytical and test results leading to the 
selection, of test configurations are described in the following sections, 
along with the TVC performance trends that were established through this 
testing. 
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Figure 145 . Aerospike TVC Engine. Rocketdyne Installation and Firing at AEDC 
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SUMMARY 

(O) Thirty-three firings of 6 second's duration were conducted at altitude to 
establish engine performance without TVC, and to determine LITVC psrfonr« y :ca 
trends with variations in the injection parameters. Five sea level check¬ 
out tests of froa l/2 to 5 second's durations were conducted at Rocketdyne 
prior to the altitude testing. Measured thrust efficiency of the engine 
was 95.1 percent forVa 0 and 95.2percont forW» 0.017. Combustion 
efficiency ( was nominally 89 percent throughout the program. The 
measured nozzle thrust efficiency without secondary flow was 0.8 percent 
greater than that estimated theoretically. Because of its magnitude, this 
discrepancy was attributed to effects such as downstream burning which may 
result from the relatively low combustion efficiency, and which cann ot be 
accounted for theoretically. 


(c) The semi-empirical blast-wave theory of Ref. 1 was utilized in conjunction 
with experimental data froa various sources to provide a basis for selection 
of 3ITVC test configurations. Testing of these configurations established 
that measured LITVC side-force efficiency trends with an aerospike are simi¬ 
lar to those expected on the basis of preliminary analysis: injection near 
the throat provides higher aide-force efficiency than injection near the 
nozzle exit, multiple-port injectors are superior to single-port designs, 
port spacing and axial port inclination have no influence on LITVC perfor¬ 
mance in the range tested near the nozzle exit, and parallel stream injection 
affords higher performance than radial stream injection at both locations 
studied. Control moment and nozzle specific impulse efficiency trends were 
found to be dependent upon the engine-vehicle geometric relationship. These 
efficiencies followed trends established by the aide-force efficiency for 
boost vehicles (r 0 /h ■ 0.25), but in some cases optimized differently 

for upper-stage configurations (a^/h *» 1.0). 
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(C) Comparison of the aido-thruat efficiency TVC data obtained in this program 
with that obtained from other nozzles revealed that LIT/C performance with 
an aerospike is equal to or less than with other noszlea, because of the 
relatively short length of tha aerospike. The level of side thrust effi¬ 
ciency for injection established through this testing was also found 
to be lower than that estimated using the blast wave analysis in conjunction 
with an empirical coefficient obtained for gas injection into flow over a 
' flat plate. It was necessary to revise this coefficient to obtain quantita¬ 
tive agreement between theory and experiment for the configuration tested. 
Application of the test data to full-scale engine systems showed that liquid 
injection may be competitive with gas injection under certain conditions. 

In general, fuel injection provides higher in-flight engine specific impulse 
efficiency but lower density lipui.se than oxidizer injection if vaporization 
and reaction do not occur within the nozzle. 

(c) On the basis of these results, it is recommended that the relative merits of 
liauid injection TVC be investigated through comparative systems analysis 
using the conservative performance estimates presented herein for full-scale 
engines. It is also recommended that improved LITVC designs such as a bi- 
propellant injection technique be studied, end that the performance and 
operating characteristics of attractive systems be evaluated through large- 
scale environmental hot-flow testing. 

THRUST VECTOR CONTROL STUDY PROGRAM 

Preliminary Analysis and Design Studies 

(0) The design of the engine utilised for the TVC testing vaa basically identical 
to that of the 12-percent length engine tested previously in this program. 
Modification to the previous test hardware consisted of: an increase in 
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length from 12 to 25 percent of the length of an equivalent area ratio 
( C ** 25) 15-degree conical nozzl; to accommodate the liquid injection ori¬ 
fices in uncoolcd nozzle extensions, and use of a porous base plate flush 
with the base exit plane for injection of secondary bleed flow. The engine 
was operated with NgO^/UDMl-NgH^«(50-50)propellants at a mixture ratio of 
2,0 and with a chamber pressure of 200 psia. Under these conditions vacuum 
thrust of the engine was approximately 5600 pounds. The nozzle contour J a 
shown in Pig. 146, 


(C) 


This modified engine was analyzed for constant Y expansion using the axially 
symmetric method of characteristics to describe the inviscid portion of the 
primary flow field from which the intrinsic primary thrust is determined, 
a boundary layer analysis to establish thrust corrections for viscosity 
effects, and a Bray analysis to determine thrust corrections for reaction 
kinetics. The total primary thrust coefficient, Cp , is derived from the 
summation of these contributions by the expression f Refer to Nomenclature)* 


=* ?p ® — AC„ - (l - ■??„) Cp 


P A* 
c p 


int 


id_ 


where C. 


is the full shifting one-dimer.3ional ideal thrust coefficient 
F id 


v 

at vacuum for 6 *» 25. The performance contributions from these analyses 
for a thrust chamber mixture ratio of 2.0 are as follows: 


C- * 1,7564 

*int 

AC V 3 0.0245 

« 0.9T49 

C » 1.387 

id- 
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(o) The aoeele base pressure, ?g, was obtained by Keene of the sealempirical 
techniques outlined in Ref. 2 end utilized to obtain e baee thruet «oef- 
fioient through the relations 
F B _ P B a B 


P R 

r — -t a _2 _ S 

c ro vj p 0 IJ " p 0 




(u) Thus, the nozzle thrust coefficient at any pressure ratio is given bys 
C F * Cy p + c ?Q - e/PR 

end the nozsle 05 . 0 c if ic inpulso and thrust efficiency ere obtained froe 
Eq. (1) end ( 2 ) below. 
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( 1 ) 


( 2 ) 
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(C) The variation In kinetic efficiency with engine mixture ratio is shown in 
Fig.147 for 12 - end 25-precent length nozzles with chamber pressure of 200 
psia. A theoretical wall pressure profile for vacuum expansion Is shown in 
Pig. 14 S. The base pressure trend with secondary flowrate wan estimated 
using the empirical design procedure discussed in Ref. 2 , and is shown in 

Pig. 149. These data ware used in conjunction with the theoretical primary 
nozzle thrust contribution to develop ssmiewpirical nozzle performance 
estimates as a function of secondary floureto. These estimates are shown 
in Fig. 150. Values used for qg* and ng* ware 0.89 and 0.60, respectively, 
on the basis of previous testing. Reference performance data were obtained 
both with and without secondary flow. Reference data for the TVC testing 
were obtained with a nominal secondary flowrate which was 1.6 percent of 
the primary flowrate. As shown in Fig. 150s, this corresponds to the peak 
value of no**le thrust sfficieney, Cy. 



f 




Figure 147 • Kinetic Efficiency Dependence on Axial Length »nd Thrust Ciastber 




















































Nozzle Thrust Efficiency, 


C 63 FS 3 IIHL 


rnpllirirh'' ;j:! : : :':.;;i .■{ e - 24.54 jj 

l ; • ” "••-hvj'L'il^ Percent Length = 25 | 

> ' 97 r ] 1; : ri 1 ! s 1 .jx'iS*'"" 1 

^°s * °* 600 I 

3.96->1 jib igtpif |i(Siifeil 

•’ ---i : - -i i % 1.1 * -“i *, ‘: J\:; • i pA = 286 i 

0.95 l|feiS|S|Sl 

0-94 


"riff 1 " ' 0 oio' ' 0.015 .0.020 0.025 0.030 

^ 0 s?=«d J Z.» *>«*>. »A 

__ 150 . BstiJrdted Noddle Performaaoo Trend »ith Seeo»d OT 

P^S 010 _i«,t»n«iniks Engine 


CONFIDENTIAL 





CONFIDENTIAL 


(tj) To establish guidelines for the TYC testing, a literature review vas con¬ 
ducted to determine high-performing TYC injector designs and performance 
trends with the system variables. This preliminary study revealed that the 
efficiency of this TVC technique is a function of parameters such aa the 
physical and chemical properties of the injectant, orientation and location 
of the injector, injection velocity and flow characteristics, etc. The 
secondary injectant nay be Em inert or reactive gas or liquid, giving rise 
t, complex fluid dynamics and chemical kinetic interference with the super¬ 
sonic mainstream flow. 

(q) Theoretical interpretation of this flow process is desirable since it enables 
comparisons on a common basis, facilitates isolated study of Influential 
parameters, and provides a basis for design selections. Because of the com¬ 
plex interference phenomena induced by secondary fluid injection, a rigorous 
solution is intractable. Nevertheless, flow visualization such as that re¬ 
ported in Ref. 3 and 4 have provided a basis for formulating a simplified 
model of fluid injection which is amenable to practical analysis. The data 
presented in these references indicate that the TVC flow remains essentially 
Intact after injection, ord forms an effective body downstream of the injec¬ 
tion port which provides an obstruction to tho mainstream flow (i.e., very 
little mixing occurs between the two streams for some distance downstream 
cf the injection port). Based upon this result, an idealized flow model 
can be constructed as illustrated in Pig. 151. 

(C) A variety of approaches used in the analysis of this flow model are reported 
in the general literature. Several of these have been evaluated and it has 
been found that, of the techniques investigated, the semi-empirical blast 
wjve theory developed in Ref. 1 provided the most accurate representation 
of the flow process illustrated in Pig. 151. Tnis theory was use. to establish 
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qualitative liquid Injection TVC performance tre rule with the injection para¬ 
meters to (elect meaningful test condition!. Experimental data and resuite 
of elmilar analytical atudiea obtained from various sources were used to 
support the theoretical trends where necessary, and to provide the basis for 
design selections for parameters whose Influence is not predictable by the 
theory (e.g., interaction losses between ports in multiport configurations)• 

(C) The blast wave theory is based upon the similarity that exists between the 
effective body forced by the injectant in the mainstream flow and a linear 
explosion in the plane of the wall and parallel to the mainstream, which, on 
detonation, supplies a uniform energy per unit length of charge to the sur¬ 
roundings. The energy supplied to the aainstream it derived through consid¬ 
eration of the work that is dona on portions of the primary fluid by the 
secondary injectant through various thermodynamic processes, and through 
consideration of certain modifications required to satisfy the boundary 
conditions specified in the original blast wave theory of Ref. 6 end ^ 

(used to compute the flow field surrounding the charge)* The treatment in 
Ref. l results in the following approximate expression for the interaction 
force induced by secondary injection through single circular ports. (Refer 
to nomenclature)i 

3/4 « «■' " ■ — -• l/2 

* k l M ® * J P<» “j u co w | * 008 00 

(C) A format for prediction of either liquid or gaseous SITV3 data is provided 
by Eq. (3). Correlations presented for gas injection in Ref. 8 indicated 
that to obtain agreement with the experimental date, Eq. (3) must be prefixed 
by a spreading correction denoted by G in Eq, (3) which empirically was found 
to depend upon the distance between the TVC port and the nozzle exit* The 
form of this correction for gas injection into ionical nozzles is illustrated 
in Fig. 152. The quantity “U/g in Eq, ( 3 ) is related to the charge energy 
per unit mass of 
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charge which la ia turn related to tho energy of the secondary injactant. 
It Is pointed out in Ref. 9 that this quantity can be represented in tbs 
following Banner for both gaseous and liquid injection! 


i + Ll 


+ 2 + (1 ♦ j h J c' P J) M 

2 U ® (Y-l) 1 ' , P C Poo 


where TTJj Gj,, is the effective molar specific heat of all processes occurring 
(evaporation, reaction, etc.), and is defined as XAH/Toq. This quantity 
la dependent upon factors such as: mixing efficiency of lnjectant and main¬ 
stream gases, injoctant etay time within the nozzle, droplet formation and 

t . 

vaporization. Since mixing efficiency is normally low, and injectant stay 
times are very short for small-scale nozzles this tens has been assumed 
negligible In subsequent discussion relating to the short length aerospike 
tested in this program. Inserting Eq. (4) into Eq. (3) and rearranging 
results in the following expression for F g ^; 

4k. 4//3 3/4 /- -T -i - 1/2r, v. 

*si “ G( 1 Fj 7 } (H « a VP» » ) {2 + 008 A * 

| Q ) 2 + — 1 cog ^ ( 5 ) 

2 u « (Y-l) 

(C) The geometric parameters appearing in the above equation and in subsequent 
aquations are illustrated in Fig. 153. For the eerospike engine used In 
this test program, the dimensionless induced force becomes! 


I? ■ c».w) «, 1/A 

2 U °° (Y-l) Hqo J V* 
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•lnc« 

in p a 23.7 
Vp » 1.25 
e* * 2.24 

C* = 5029 ft/'eoo (HR = 2.0, ^ * 0.89) 

9 P 

(c) Sloe* liquid Injection test data were not available for the aerospike noixle 
prior to this program, a constant value of 0.7 (flat plate from Ref. 8 
used for the empirical spreading coefficient, G . Thus, the form of the 
expression for the side thrust amplification factor, which is a measure of 
L1T7C efficiency relative to main engine performance as discussed In Appen¬ 
dix 4, i* as follower 










i 
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(c) For aultiport injection, it was assuned that flow interaction losses 
between porta are mall if tho proper port spacing ia maintained.. Under 
thia assumption, the amplification factor, K g , can be expressed eat 

n 

K_ « K) f 1 + 2 51 ooa (*5*) AY T(J) (7) 

a B n=l L k=l,3,5... 2 J “ 

for odd port g.'oupinga and: 

X_ = !„) f | cob 1 (8) 

* 8 **1 L n k=2,4,6... 2 J 

for even port groupings. 

(c) It is demonstrated by Eq. (6, 7, and 8) that the performance of liquid 
injection TVC systems ia sensitive to a vide range of operating variablea. 
These variables include: injection flowrate and velocity, injector location, 
1 -ndaber of ports and port spacing, axial and radial port Inclination, and 
injectant properties. The influence of injection flowrate and velocity is 
illustrated graphically in Fig. 154 for upstream injection through a single 
port located near the nozzle throat. The TVC flowrate is seen to have a 
strong influence upon the efficiency of thie secondary injection system; 


I 










Figure 154 Estimated Influence of Injection Flowat- end Velocity 
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performance decreases sharply with increasing flowrate for all Injection 
velocities. Performance Is a weaker function of the injection velocity, 

p 

and, since ^j/^oo ) 4X1 • s , increases almost linearly with increasing velo¬ 
city. However,-a large expenditure in ayetea pressure drop is required to 
achieve a relatively small gain in efficiency as shown by the data in Pig. 156* 

(c) it first glance it would appear that the best simulation of a full-scale, 
hlgh-chamber-pressure engine would be to test with an injection velocity 
and pressure drop compatible with the large engine operating conditions; 
e.g., Vj s 300 ft/sec and AV = 1800 psia. However, this requires ab¬ 
normally small TVC orifices for the weight flowrates of the email-scale 
test configuration. Prom previous testing with this type of configuration 
(Ref. ll) it has been shown that very low performance may be encountered 
because of breakup and atomization of the injectant stream at the injection 
port (experience to date indicates that the best performance is obtained 
with a well-collimated fluid stream at the injection orifice ta discussed 
in Ref. 12). Thus, an injection velocity of 100 ft/sec was selected for the 
majority of the testing conducted in this program. This value results in 
an orifice Ap compatible with the engine chamber pressure as shown in 
Pig. 155; that is, similitude between small- a*.. ^ ■urge-scale engines is main¬ 
tained through the parameter Pj/ rather than through the absolute magni¬ 
tude of the injection velocity. Since this study and various experimental 
data (e.g., Ref. 12 and 13 ) indicate that the injection velocity is an 
influential parameter, the test program was designed to evaluate several 
injection velocities over a range of TVC flowrates at two injector locations. 

(c) The theoretical performance trend with flowrate at various injector locations, 
and with injector location for various TVC flowrates is showr in Pi®'. 156. 

Both parameters are sear, to have a strong influence or> performance, am? the 
performance trend with flowrates noted earlier for constant velocity injec¬ 
tion near the nozzle throat persists for injection near the end of the 
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Injection Velocity, v^, ft/sec 

Figure 155* Estimated Influence of Injection Velocity on SITVC 
Performance and System Pressure Drop 


286 

CONFIDENTIAL 



























Figure 156* Estimated Influenoe of Injector Flowrate and Location 
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nozzle. It should be pointed out that to develop these curves, it vas 
manured s hat the location of the effective side force vector is at the 
infection port so the angle *>< in Eq. (6) is the wall angle at the point of 
injection. In reality, the effective aide-force vector is located some 
distance downstream of the TVC port so the wall angle at the point of appli¬ 
cation of this vector is less than that at the injection port. Also, the 
spreading coefficient, 8, was assumed to be independent from the injector 
location. In view of the trend established .‘or conical nozzles (Fig. 152), 
some variation in the spreading coefficient with axial location can be ex¬ 
pected for the aero spike. Thus, while the approximation that vaporization, 
decomposition, and reactivity influeneea are negligible become leas valid 
for injector locations for upstream of the nozzle exit and offsets these 
latter approximations, both of these assumptions tend to exaggerate the 
influence of the parameter X/jf. Nevertheless the results of this and 
related study (e.g., the experimental and theoretical data for the Lance 
thrust chamber discussed in Ref. 12) do indicate that the injector location 
is an important performance parameter. Therefore the test configuration 
was designed to incorporate TVC injectors at three locations: x/Jt=» 0,25, 

X/t =» 0.40, and *// = 0.7. Separate contoured TVC flow rings were used 
for each location. 

(C) 7h* pronounced decrease in performance with increasing flowrate indicated 
for single-port injection in Fig. 156 demonstrates the desirability of oper¬ 
ating continuously in the low flowrate range. This can be accomplished by 
injecting the TVC flow through a number of ports, each operating over a 
range of relatively low flowrates. Because the pressure acting OTer the 
downstream area affected by overlapping induced shock fields is not increased 
significantly by overlap, care must be taken to space the TVC ports around 
the nozzle cir cumf erence such that these flow interaction losses are held 
to a minimum. Cosine losses coupled with interference effects lead to the 


If 
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ths type of optimization indicated in Fig. 157and discussed in detail in 
Ret. 12* Data for conical nozzles compiled in Ref.10 indicate that near- 
optimum performance ia obtained for porta radially spaced approximately 15 
degrees apart around the nozzle circumference aa shown in Fig. 158. Assuming 
that interaction effects are negligible for this port spacing, theoretical 
LITVC performance varies with the number of ports aa shown in Pig. 159,. 
odd port groupings and aa shown in Pig.133for even port groupings. Substan¬ 
tial performance increases are realized by increasing the number of porta 
from one to five (or six), which is near optimum for ports spaced 15 degrees 
apart. 

(c) Identical results are obtained for both odd and even port groupings, ao 
odd groupings were arbitrarily chosen for evaluation in this program. 

Because spreading and interaction losses are dependent upon the injector 
location, provision was made to test three- and five-port configurations 
at each of tbs three selected injector locations. The ports were spaced 
15 degrees apart in all cases. A single port configuration was incorporated 
into a flow ring at x/JL m 0.25 to provide reference data. A three-port con¬ 
figuration with 30 degrees between ports was included in the flow ring at 
X/l =« 0,7 to allow evaluation of flow interference effects at this location. 

The nominal flowrate selected for t.sis testing was 8 percent for n * 1 and 
3, and 13 percent for a » 5. Provisions were also made to confirm the theor¬ 
etical performance trend with flowrate at conetant velocity by testing various 
pert sizes at X/Jt= 0.25 with the flowrates indicated in Pig. 159 end with 
flowrates of 4 and 8 percent ( 1*3) and. 7 and 13 percent 
( a* 5) at X/X* 0.4. 

(c)Por the nominal injection velocity of 100 ft/sec selected for the majority 

of this tenting, it was found theoretically (Eq. 6 ) that the effect of ; 

the injector axial inclination is nearly negligible as shown in Fig. 161. | 

Similar results have been obtained experimentally for moderate variations in | 
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Influence of Rater of Injection Berts and Port Spacing 



































Wgur# 160* Estimated Influence of the Injectant Flowrate and Kvaeber of Injection Porte 
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Figure 161 « Estimated Influence of the Injeciant Flowrate and the Axial Fort Inclination 
















X as shown by the data from Ref, 10 presented in Pig, 162. Thus, thla 
parameter was not en;p2mizod in this program. An axial inclination of 45 
degrees measured with respect to the contour as shown in rig.153 was chosen 
as the nominal value to prolong the injectant stay time within the r. 022 le. 

To verify the indicated trend for the aerospike, three and five port con¬ 
figurations with an axial inclination of 60 degrees were provided at x/A « 0.4 
and x/i a 0.7. 

(c) Because of the variable influence of flow interference effects with multi¬ 
port injection or.d asymmetric flow field surrounding radially inclined 
ports, the effect of the radial inclination of ports i 3 not predictable 
theoretically. However, experimental data such as those presented in Pig. 163 
(from Ref. 13 ) indicate that this may be an influential parameter for cer¬ 
tain configurations. As indicated in the figure, injecting the flow through 
parallel ports resulted in a performance loss as compared with redial injec¬ 
tion. This can be attributed to an uzifavorable spread of the pressure field 
surrounding the parallel injectors in a conical nozsle which increases cosine 
losses to a point vrhere they more than offset the gain in side thrust pro¬ 
duced. by the increased injection momentum in the lateral direction. Because 
of a reversal in nozsle geometry, including the ports in an aero3?ike such 
that all of the TVC flow streams are parallel or convergent nay tend to con¬ 
centrate the pressure field in a more favorable manner if the ports are 
spaced far enough apart to avoid severe interaction losses. Therefore, capa¬ 
bility was incorporated into the LITVC system design to test parallel 3 tream 
injectors at each of the three selected injector locations with 8 and 13 
percent flov for n = 3 and n = 5 respectively. Additionally,, capability for 
testing a parallel stream injector with 4 percent (n a 3) and 6 ( n * 

5) percent flow and a converging stream injector with 8 (n = 3) and 13 
(n = 5) percent flow was included at x/i * 0.25. All of the remaining pa¬ 
rameters were investigated with radial injection orifices. 


295 

CONFIDENTIAL 



COITFIDSt.TIiL 


V. 


K-.asured Influence of ttoe Arl.il 
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(c) lust testing rith various nozzles has shown that, In addition to the injector 
and flow characteristics discussed above, injectant properties exert a strong 
influence on the perforuance of the 7VC systems. Parauetris studies conducted 
in conjunction with the Lance engine optimization study (Bef. 16) indicate 
that side force tends to correlate with the volume flowrate of injectant for 
system*} with equal pressure drop as shown in Fig. 164. This correlation, if 
valid for the aerospike, results in the LITVC performance comparison between 
and ULME-N^H^ (50-50) shown in Fig. 165a. The accompanying data in 
Fig. 165b represent the trend estimated tiieoretic&lly by using Eq. (6) and 
neglecting the energy release caused by vaporization, decomposition, and 
reaction. The estimated influence of injectant properties is weaker using 
the latter method, but the trend is the same in both cases. In view of the 
apparent performance advantage of UDKH-NgH^ (50-50) over K^O^, the test program 
was arranged to allev evaluation of LTDI-iH (50-50) es an injectant with 
the injector designs selected at /£./£*> 0.25 and /)c/X m 0 . 4 * 

(C) Nozzle recompression at low altitudes strongly affects tha undisturbed noz¬ 
zle pressure profile indicating that the ambient pressure may have a strong 
influence on LITVC performance at lew pressure ratios. Therefore, provisions 
were incorporated into the teat program to ftidy this influence by testing 
at lew altitvnes with the flow r/.ng at /&lt m 0.4. 

(u) To summarize, th'j engine was designed to enable experimental study of: 

(l) cons tar t-velocity flowrate variation, and radial, parallel and conver¬ 
gent stream injection with three-anu five-port configurations at 4./X* 0.25, 
and single port injection at 40/ta 0.25; (2) constant-velocity flowrate var¬ 
iation, radial and parallel stream injection and variable axial inclination 
with three-end five-port configurations at /?u/jL -0.4; (?) radial and 
parallel stream injaction and variable axial inclination for tlvee- and 
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Figure 165. Estimated Influence of Injectant Properties 
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five-port configurations along with variable port spacing for a three-port 
confipuration at X/H» 0.7. TVC flow rings designed to incorporate these 
features are illustrated schematically in Figs. 166and 167. It is readily 
seer fron the selected designs that the intent of the program was to deter¬ 
mine the oarfjneters which exert the strongest influence on LIT7C nerfomence 
with an aerospike and to establish the relative magnitude of this influence, 
rather than to optimize each of the many variables for one particular teat 
corfir-uratior. 

Test Program 

(u) Hardware Description. The aerospike thrust chamber tested in the TVC phase 
of the Advanced Aerodynamic Spike Configuration Program is shown in Fig. 168. 
The TVC hardware assembly is identical to the 12-percent length nozzle tested 
previously in the program with the exception that a new inner throat and 
nozzle section with liquid injection thrust vector control capability was 
utilized. The inner contour is 25 percent of the axial length of an equi¬ 
valent 15-degree conical nozzle with an area ratio of 25. Secondary gas 
is supplied from a gas generator mounted directly within the center of the 
inner nozzle. The secondary gas is diffused through a porous base plate 
mounted at the nozzle exit. Fluid systems consist of the primary propellant 
(!J 2 Q 4 /OSHM^, 50-50), secondary propellent (iT^/upKH-!^, 50-50), TVC 
fluid (E 0 4 end 50-50), 

(’j) The thrust chamber contains the following basic components: the injector, 
a removable water cooled combustion chamber, a water cooled throat and inner 
nozzle section, and removable uncooled nozzle extensions which con.din tbo 
TVC injection orifices. Each of these components, except for the nozzle 
extensions, was discussed in detail previously, but is reviewed below to 
show the relationship between the hardware assemblies. 
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(U) The stainless ateel injector face (Fig. 169 ) contains three propellant injec- 
tar.t rincs, the center ring (stainless steel) has the oxiuizer orifices and 
is bounded on each side by fuel ring 3 (copper). A like-on-like doublet ori¬ 
fice pattern is used. Distribution munifolds behind the injector rings ard 
machined into the body and are fed tlirougb a series of drilled holes from 
the primary manifolds. Tlie injector is divided into thirteen equal compart¬ 
ments by uncooled copper baffles brazed to the injector face, 

(u) The water cooled casing and throat assemblies are constructed entirely of 
oxygen-free, high-conductivity copper. Coolan* water enters the thrust cham¬ 
ber assembly through p- *ta in the injector body. Four water inlets end four 
water outlets are provided for both the inner and outer sections of the chan¬ 
ter; each section having independent cooling circuits. The straight inner 
and outer chatter pieces have eight water manifolds at either end between 
5 /l 6 ir.ch axially drilled coolant holes. The cooling circuit in each throat 
piece consists of eight drilled manifolds (four inlets and four outlets) 
from which a aeries of smaller holes lead into circumferential passages. 

Water enters these small hcles from the four manifolds, passes circumferentially 
along a 45-degree arc, and is discharged through adjacent outlet holes. 

(o) A gas generator, designed to operate on the some propellants as the main 
chamber, supplies the secondary flow to the base region of the nozzle . It 
is designed to operate uncooled at a maximum steady-state temperature cf 
app.oxlmately 1800 F, based upon hardware (547 CFE3; limitations. The low- 
flow injector, which supplies secondary flow in the range from 1 to 2 per¬ 
cent of the primary flow, was used for the TVG testing. The injector flow 
pattern consists of four fuel streams impinging on one oxidizer stream. 

The porous plate base configuration is shown in Fig. 170. 
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Figure 170. Porus Base Plate Configuration 










(u) Qw uncooled portion of the nozzle is made up of three in-line removable 
stainless steel flow rings, two of which (Fig.168) contain TVC injection 
orifices in all four quandranta. The TVC flow is supplied to short circum¬ 
ferential manifolds in each quadrant though discrete feed lines (eight in 
all) 30 that the operation of one quadrant is independent from the other 
three* The manifolds serve as a common plenum for the drilled injection 
orifices in each quadrant. 

(U) JL total of six flow rings, two for each injection location, was fabricated* 
The second flow ring at each location was used to servo as a backup in the 
event of hardware damage, and to provide a means of extending the range of 
parametric variation if necessary. Both rings at x/i= 0.25 contain injec¬ 
tion orifices in each quadrant. At each of the other locations, x/f * 0.4 
and 0.7, one blank ring and one ring with TVC injection orifices was employed. 
The injection orifice pattern in each operational flow ring is illustrated 
in Fig. 166 and 167. 

(u) As shown in these figures, most of the configurations contain five Injection 
orifices in each quadrant and make up the five-port geometries discussed pre¬ 
viously. During the testing, the porta indicated by the darkened symbols in 
these figures, were plugged with steel pins to provide three-port configura¬ 
tions. The assemblies that were used in the TVC testing at AEDC are shown 
in Fig. 171, and 172 • Note that by providing the passages in the blank 
ring at x/Jt* 0.4 through to the flow ring at x/t- 0.7* this piece becomes 
an integral part of the system design. This procedure is advantageous since 
it simplifies the propellant feed system to the flow rings at x/2* 0.4 and 
0.7 (both rings are supplied with TVC flow through the same feed lines); 
however, it also required that the operational rings at these locations be 
tested separately. A typical set of flow rings used in this testing (BE ser¬ 
ies) is shown in Fig. 173. 
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Figure 171. T7C Nozzle Rirg Configuration Humber 1 
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(u) The thrust chamber va s instrumented to provide information regarding prl- 
ca ry and secondary chamber pressure, primary wall pressure, secondary cavity 
pressure, prinary and secondary injection pressures, and secondary chamber 
temperature. The approximate location of this instrumentation is shown in 
Pi/?. 174 through 177. Facility instrumentation provided: force, weight flow, 
tank TvtH^fjur'e, om noil ant lime temperature, vs ter temperature and cell pres¬ 
sure data. Approximate ranges for these parameters are indicated in Table 19 
of Appendix 4. 

(u) Test Procedure . T7C testing was conducted at design pressure ratio for this 
nozzle (PR»290) in an altitude chamber (j-2 cell) at the Rocket Test Facility, 
AEDC. The operational characteristics of thi3 facility are discussed in 
Hef. 20 • A six-component load cell arrangement was used to monitor the 
forces and moments induced by secondary injection during each test. The 
engine mounting assembly is illustrated schematically in Fig. 178, and a photo 
of the test installation is shown in Fig. 179. Only the flow-ring quadrants 
situated in the yaw plane were tested in any given "air-on" (test) period. 

Ti., iin. 'art configurations were evaluated initially. The outer two ori¬ 
fices were hen plugged (during the "air-on" period whenever possible) and 
these Quadrants in the yaw plana were retested to evaluate the three port geom¬ 
etries. After the quadrants initially in the yaw plane were tested, both 
flow rings were rotated through an argle of 90 degrees and retested to evalu¬ 
ate the parameters contained in the remaining two quadrants. 

(tj) During each test, the engine was initially operated for 3-l/2 seconds with¬ 
out TVC flow to establish reference data for each parameter. Nitrogen 
tetroxide wa3 injected for thrust vector control during the last 2-l/2 sec¬ 
onds of each firing. Nitrogen purges were used to clear all propellant lines. 
Primary oxidizer and fuel purges were operative continuously prior to igni¬ 
tion and came on immediately at engine shutdown. Secondary purges were on 
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prior to each run sequence, and vere performed manually at the conclusion of 
the firing. A typical run sequence is illustrated in Pig. 180, and the fa¬ 
cility flow system used for this testing is shown in Figs. 181 and 182. 

(o) The planned altitude test schedule is shown in Table 12. Provisions to sup¬ 
ply TVC flow to two quadrants during each teat were incorporated into the 
plumbing system, and it was origi.ially planned to test both TTC quadrants 
during 10-aecond firings as indicated in the table. However, after the pro¬ 
gram was initiated, it was found more desirable to shorten the test duration 
to 6 seconds, and test only one TVC quadrant in each firing. Hardware dif¬ 
ficulties encountered during the checkout testing at Rocketdyne caused a de- 
xay in the program, so several of the originally planned testa were not 
conducted. Only the data in Table 12 denoted by an asterisk were obtained 
in the resulting abbreviated program. 

Test Results 

(u) Thirty-three firings were conducted over a series of five test periods. 
Performance and thrust vector control data from these firings are presented 
in Tables 13 and 14 respectively, A sea level data point (5-second duration 
test) obtained in the checkout testing conducted at Rocketdyne is included 
in Table 13. Pour additional short-duration (two at 0.5 seconds and two at 
1.5 seconds) checkout tests were conducted at Rocketdyne; however, performance 
data were not obtained and these teats are not tabulated. The measurements 
indicated in Table 19, Appendix 4 were used co compute reference nozzle per¬ 
formance without TVC, side forces and total control moments generated during 
TVC operation, and nozzle wall and base pressure profiles for each test. 

The meth.ls by which these parameters were determined from the measured data 
obtained in this test program are discussed in Appendix 4. 
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Teat 3332 vas invalid because of instability, 




(U; Post teat ins wet ion of the engine after the BT3 test serie3 revealed that a 
substantial water leakage along the contour occurred during tide tent series, 
and, to a leaser degree, during the BA test series. Tlicrefore, the reference 
performance data listed in Table 13 fer tliese teats is sorewhat questionable. 
However, ;he ?VC performance date, for these tent3 are consistent with the 
trends established by the data obtained in subsequent testing after the water 
leakage alone the contour was eliminated. Thus, the TYC performance data for 
the 2A and BB test series in Table 14 are felt to be of good quality. A 
failure in the aft yaw plane load cell which occurred during te3t HD22 resulted 
in Inaccurate side r.no axial thrust data for firings BD22 through HD29, and 
therefore, data from these firings have been excluded from Tables 15 and 14. 

A low frequency (ft4 130 c?:s) instability with peak-to-penk amplitude of enproxi- 
tuately 60 psia occurred during test EE32 v;hich resulted in roderr.te hardware 
damage. Post test inspection of the hardware indicated th't portions of the 
chamber baffles nnd throat region had been eroded (Fig. 183). Eence, the TYC 
data for test BE3i (in Table 14) is also considered questionable. Reference 
and LITYC performance trends established by the remaining data presented in 
Tables 13and 14 are discussed in the following paragraphs. 

(p) Reference Performance . Except for the sea-1evol firing, all of the data 
listed in Table 13 were obtained from a 0.5-second time slice approximately 
3 seconds after the beginning of the run. Because of the shorter duration 
of the sea-level firing (five seconds), TVC flow was injected during the 
final 2 seconds of the test, and performance data were averaged over a 0.5- 
second time interval just prior to actuation of the thrust vector control 
lystem. Time variations of critical par.-meters for a typical altitude test 
without TYC are shown in Pig. 184. It can be seen that all performance 
parameters reach essentially stable values vf’trr approximately 2.5 seconds 
of test operation. 
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(ft) ivore^e thruat efficiency of the noasle is 95.1 percent without secondary 
flow from Table 13. This value is 0.8 percent above the predicted nozele 
efficiency without secondary flow as seen by comparison with Fig. 150 
pag* 275. The difference could arise from any of the following factors* 

1 Experimental inaccuracies 

2) Primary inviscid flow field analysis 

3) Boundary layer analysis 

4) Kinetics analysis 

5) Base pressure estimate 

6 ) Downstream combustion phenomena 

7) Differences in geometry between analytical model and actual 
hardware 

8 ) Differences in overall gas properties be twee.-’ ths analytical 
model and the actual hardware 

(c) Consideration of each of these factors indicated items (7) and (8) to be 
tha most orobabls causes for the difference noted. 
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(w) A comparison of the nozzle and specific Impulse efficiencies between the 
Rocketdyne sea level teat and the ASDC altitude tests is represented in the 
tablo below. A decrease of only 2 percent in nozzle efficiency and 1 percent 

TABLE 15 

COMPARISON OP SEA LEVEL AND ALTITUDE PERFORMANCE, W » 0 


Teat 

P A 

77 

‘c* 

p 

\ 

C T 

KSp 

P c , P»U 

1 

14.4 

0.897 

0.836 

0.932 

1.54 

197.2 

BA01 

281 

0.891 

0.846 

0.949 

2.10 

196.1 

^cn 

280 

0.889 

0.847 

0.953 

1.99 

196.9 


in specific impulse efficiency was experienced with operation between 100 
percent and 5 percent of design pressure ratio. It should be noted that the 
mixture ratio wan significantly different for the sea level test, end chemi¬ 
cal reaction effects could be a factor causing a relatively higher nozzle 
efficiency for the lower mixture ratio. The results clearly show a high 
degree of altitude compensation was obtained. 

(C) LIT VC Performance . Liquid performance data were obtained from a 0.5- 
second average time slice near the end of the firing after all critical pa¬ 
rameters were essentially stabilized. Time variations of these parameters 
during a typical test with TVC are sho*m in Pig. 185. A a seen, these data 
stabilized approximately 0,5-second after signaling for thr injection of 
TVC flow. Basic test results are presented as curves of P oc /? v . s and 

AF./P„ vs in Pig. 186 through 191. Each of these parameters is defined 

A v fvO e 

and dismissed in Appendix 4 . The off-center force ratio represents the 
dimensionless moment about the reference set of axis used to define the nozxle 
contour design (Pig. 144 pag«270). 
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Figure 186, Sj.de Faroe Ratio vs Flowrate Ratio for Liquid 
Injtction at **/? • 0,25 
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Figure 187. Side Force Ratio vs Flowrate Ratio for Liquid Injec¬ 
tion at */* * 0.4, 0.7 
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Figure 191. Relative Change in Axial Thrust vs Flowrate Ratio for 
Liquid Injection at V/? => 0.4> 0.7 
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(c) Side fores increases with the addition of TVC flow tluroughout the range of 
flowrates tested at x/tm 0.25 as shown by the data in Fig, IBS • For a given 
flowrate, injecting liquid through multiple orifices re suite in hl&mr 
side force than oingle-port injection at this location. Parallel streaa 
injection (© » II.) also yields higlier side force than radial stream injec¬ 
tion (& m 0) with five injection ports at x/l 0.25. Similar results were 
obtained at x/t- 0,7 with both three- and five-port configurations as shown 
in Pig. 1S7. However, port spacing and axial inclination did not appear to 
influence the induced side force significantly at the latter location. 


(c) Both positive and negative off-center forces were generated during this test¬ 
ing as shown by the data in Fig. 188 end 189. The trends at x/H- 0.25 imply 
that at low flows, the aide force vector effectively acta near the injection 
ports, Thereby producing a subtractive moment about the throat plane. As the 
T/C flowrate is increased this vector moves down the contour causing the 
throat moment to become positive. The relationship between side-force loca¬ 
tion and throat moment derived and discussed in Appendix 4 is illustrated in 
Pig. 192 . It can be seen that to obtain additive moments, the effective 
side-force vector must be located along the aft portion of the nozzle. Five 
port injection results in lower throat plane moments than three-port injec¬ 
tion because of a higher concentration of side force (Fig. 186 ) near the 
nozzle throat. Off-center forces are understandably slightly higher for 
injection near the nozzle exit (Pig.189) simply because of the more favor¬ 
able port location as shown by the curve in Pig. 192 » 

The axial thrust data in Fig, 190 and 191 reflect trends that are similar to 
those established by the side force data in Fig. 186 and 187 as would be ex¬ 
pected if the effective TVC forces are normal to the contour. However, 
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because of the small magnitude of the axial thrust differences it Is not 
possible to distinguish trends in the change in axial thrust with variations 
in the injection parameters. 

(C) The change in nozzle vail pressure during TVC is illustrated by the data in 
Pig. 193. It can be seen that prersure is increased both upstream and down¬ 
stream of the TVC port, »ind remains above the undisturbed wall pressure for 
some distance downstream of the injector. The test-to-test base pressure 
variation noted earlier during the reference performance testing persisted 
throughout the TVC testing. In general, it appeared that nozzle base pres¬ 
sure remained constant or decreased slightly during liquid injection, but 
definite trends with the injection parameters could not be determined from 
the measured data. 

(c) The basic data presented in Pig. 106 and 187 were used to develop side thrust 
amplification factors to provide LITVC efficiency comparisons for N o 0 injee- 
tion with this aeroapike nozzle. The constant velocity 3ITVC performance 
trend with flowrate established for throe- and five-port injection at x/t •* 
0.25 is similar to the expected trend (Pig. 159 a 3 shown by the data in Pig. 
194. Performance decreases with increasing flowrate, and five-port injection 
provides the.highest performance in the range tested. Parallel-stream injec- 
. tion affords slightly higher performance than radial-stream injection for the 
five-port configuration, indicating that a more concentrated injection 
• pattern such as that provided by radial streams in a conical nozzle (Fig. 163) 
is superior to a divergent flow pattern. The magnitude of performance bene¬ 
fit is expected to be a function of factors such as: port spacing, exposed 
uvea downstream of the port, axial inclination, and tnjectant properties. 

(c) Parallel-stream injection also affords hip'.er side thrust efficiency than 
radial injection with both thrse- and five-port configurations at x/if» 0.7 
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as shown in Pig. 195. However, the absolute peifonaance level at this loca¬ 
tion is lower than at ,/Lli- 0,25 as can bo seen by comparison with the 
nominal perforaance trend for three- and five-pe-t injection at jkH- 0,25 
{from Pig. 194). The indicated performance insensitivity to the port 
spacing may not hold true for injection nearer the throat because interfer¬ 
ence losses are a direct function of the influenced are# downstream of the 
injection port. That is, the parameter, A*/ , may optimize differently for 
different stations along the nozzle. 

(c) As expected, thj axial inclination of the TVC porta did not significantly 
influences performance with the variation investigated at 0.7. Al¬ 

though the data for injection at Al/&» 0.4 is somewhat questionable (Test 
BE33), the performance level established with the five-port configuration 
at this location is consistent with the data obtained at the other locations 
tested. 

(c) A parameter similar to the side tfuvst amplification factor was used to 

represent off-center thrust efficiency for the va-ious injection techniques. 
This parameter, which is termed the off-center thrust amplification factor, 
Sy (defined and discussed in Appendix 4) is shown for injection at 
/XJH- 0.25 in Pig. 196. At low flows, negative off-center thrust amplifi¬ 
cation factors were obtained because the effective side force vector is 
apparently located near the injection port as discussed previously. The 
off-center thrust amplification factor increases with flowrate throughout 
the range of flowrates. Except for the data points that denote variations 
in injection velocity, those conditions that yield high side force amplifi¬ 
cation (Pig. 194) also yield relatively low off-center thrust amplification 
at this location. 
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Figure 196. Off Center Thrust Amplification Factor for Liquid N 2 O 4 
Injection at “X/jf « 0,25 
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Off-center thrust performance data for infection at v/t <* 0.4 and x/Jt - 0.7 
are shown along with the nominal trends at x/t= 0.25 (from Fig. 196 ) in 
Fig. 197. It can be seen that for locations near the end of the nozzle, the 
off-center thrust efficiency is higher than for injection near the nozzle 
throat, and tends to follow side thiuat efficiency trends more closely than 
in the latter case. l?o reason could bo found for the relatively low off- 
center thrust efficiency displayed for the configuration withA*F * 30 degrees 
ut x/JL- 0.7 and with A » 60 degrees at = 0,4; these data points are con- 
ridered questionable in view of the performance level established by ti.a 
ether data and the relationship required between side and off-center thrust 
indicated by the curve in Fig. 192 . 


(c) To provide a basis for more meaningful comparison of injection techniques, 
the side and off-center thrust amplification factors in Fig.194through 197 
were combined to form a control moment performance factor, K, which reflects 
the influence of both quantities. Since K is indicative of the total control 
moment about the vehicle center of gravity, a geometric relationship between 
the engine and vehicle must be assumed to corapl-itely determine this quantity. 
As discussed in Appendix 4 , this is accomplished by means of the parameter 

r /h where r is the engine radius and h is the distance from the refer- 

e e 

ence gimb3l plane to the vehicle center of gravity. 


(C) Results are presented for injection at xJJL - 0.25 and forr # /h values 
of 0.25 (typical boost vehicle} and 1,0 (typical upper stage vehicle) 
in Fig. 198 a and 198b, respectively. Overall TVC performance trends with 
flowrate are nearly identical to side-force efficiency trends for r /h „ 
0.25, because of the relatively weak influence of the quantity, K^. How¬ 
ever, performance trends with flowrate and configuration are changed for 
V h - 1 * 0 indicating that the vehicle geometry may have an influence on 
the selection of an LT.T70 injector design under certain conditions. 

Similar results were obtained for injection at rft = 0.7 as shown 
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by the data la Fig. 1S*9. The nominal trondo established for three- and five- 
port injection at x/2=« 0.25 are included in Fig .199 for comparison. Control 
moment efficiency ia seen to be higher when the TVC flow ia injected near 
the nozzle throat ifr^/h - 0.25, while the opposite is true ifr # /h ■ 1 . 0 . 

(c) The moment, efficiency data in Fig.193and 1S9 were ussd in conjunction with 
the axial tiirust data in Fig.l 90 and 191 to establish the change in engine 
specific impulse as a function of the equivalent gimbal angle, <p, developed 
during liquid injection tl.rusi vector control. The relative change in engine 

soecific immxlse was obtained from the relations 
AI _ 1 + A?./P y 

h 1 * Wi. 

and the equivalent gimbal angle is defined as (from Appendix 4 ): 



(c) These results are presented for injection at x/j£= 0.25 and a/JL «* 0.4, 

0.7 in Fig. 200 and 201, respectively. Reference to Fig. 200 shows that engine 
specific impulse decreases sharply with increases in the control requirements. 
The rate of decrease is dependent upon the number of injection ports and the 
engine-vehicle similarity parameter, r e/ h » Five-port injection provides 
the highest engine performance for r^/h = C.25, while three-port injection 
appears to be optimum for r^h « 1.0 (at least for the port spacing utilized 
in this program). Engine performance during TVC for injection at vc/P- - C.7 
is nearly identical to that obtained at x/t= 0,25 forr^/h ** 0.25 as shown 
in Fig. 201a. However, if xj'n - 1.0 the data in Fig. 201 b indicate that 
engine performance is higher for injection of TVC flow rear the end of the 
nozzle than for injection near the throat. 
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In general, these ironda in angina performance during TYC arc identical 
to those exhibited by the control moment coefficient, K, vita variations 
in TYC flowrate ratio (or with variations iu the equivalent global 
angle since those qiantities are proportional). This indicates that the 
TVC injector designs that result in high elds force and moment efficiency 
vill also result in high engine performance during liquid injection T7C, 
which is a result that is not necessarily true of gaseous injection CTO 
ayaterns as shown by the data presented in Ref, 15, 

Application of UTVC Test Results 

Comparison with LITVC Performance Data for Other Nozzles. Previous teat 
programs conducted by Rocketdyne have established performance trends for 
liquid oxidizer injection into high area ratio bell and H-F nozzles 
(Ref, 14) and a low area ratio annular bell nozzle (Ref, 16), 

The LITVC design utilized for the high-area-ratio testing incorporated 
multiple,, closely spaced ports that were inclined 30 degrees upstream 
with respect to the engine centerline. Testing was conducted over a range 
of axial locations and TVC flowrates with both engines. Vacuum thrust 
and chamber pressure of these engines were 10,000 pounds and 225 psia 
respectively. Propellants were NgO^/foMB-NgH^, 50-50 for the bell nozzle, and 
» 2 0 4 /0IHH for the F-H nozzle. 

The Lance annular bell nocsle ( <• = 5*6) utilizes single-port injeciiaa at 
a location near the throat. The TVC flow is injected into the nozzle at. 
an angle of ninety degrees with respect to the engine centerline. Flow 
modulation is accomplished by means of a variable-area pintle valve. 
Experimental evaluation of this LITVC design was conducted with a 90-degree 
segment of the full-scale Lance engine, which operates with IRFNA/tTDKH 
propellants at a chamber pressure of approximately 900 psia. Thrust 
level of the segment is approximately 10,000 pounds under these conditions. 
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(c) Typical SITVG purfartaance results from thoae programs are shown in Fig, 202 
along with aercapike L1TVC aide-force efficiency data from Fig. 194 . 

Since the injection ports were oloaoly spaced in the high-area-ratic 
nozzles, the trends displayed for these configurations are more representative 
of single- than multiple-port injection as shown by the data in Eef. 10. 

It can be Been that the performance level of liquid injection with an 
aeroepike nozzle is somewhat lower than with high-area-ratio bell and 
B-F nozzles. This can be attributed to the much shorter length of the 
lover area ratio aeroapike nozzle (oven ac the sane area ratio, axial 
length of the aerospike nozzle is only 30 percent of the bell and 
60 percent of the H-F nozzles). Similar results can be expected at higher 
thrust levels, but if scale effects exist, they are expected to be 
slightly more influential with an aerospike because of its shorter 
length. Thrust vector control demands for the Lance engine are relatively 
small so testing was conducted over a limited range of low flowrates. 
Comparison with aerosplke side force efficiency under these conditions 
is difficult because of the rapidly changing slope of the side force 
efficiency curve at low flows. However, the level of aerosplke side 
force efficiency does appear to be consistent with that obtained with the 
annular bell configuration at low flows. 

(c) Comparison with Seal R’litdrlcal LITVC Performance Estimates. The side 

force efficiency data presented in FigJ.94 and 195have established performance 
trends with injection variables, that are in qualitative agreement with 
the estimated performance trends presented earlier. However, the measured 
performance level is lower than that estimated theoretically as shewn 
in Fig. 203. 
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Figure 202. 


Side Thrust Amplification Factor for Liquid 
Injection with Various Nozzles 
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Figure 203. Comparison Between Estimated and Measured SITVC 
Performance Level for Aerosjdke Engines 
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(c) To obtain agreement with the teat data the rereading coefficient# 0# 
vac revised to match the single port data at xJjL <*>0.25 and the three 
port data with AV ** 30 degress at xfjL «* 0,7 (interference effects are 
minimal with tho latter configuration). Because it wao derived from 
experimental data# this revised spreading coefficient, G, which is presented 
in Fig. 204, includes* (l) corrections for nonuniform nozzle How similar 
to the coefficient for gao injection into flow over a flat plute used in 
previous analysis, ( 2 ) corrections for variable wall angle end spreading 
(cosine) looses with length, and ( 3 ) corrections for the effects of lnjeotant 
vaporization and reaction. While the data in Fig. 204 applies 
quantitatively only to tlie aeroapiko nozzle geometry tested in this program, 
its use to estimate LITVC performance trends for larger engines than that 
tested should yield conservative results. The correlation shown in Pig. 205 
indicates that once the performance level ia established, correct trends 
with che injection parameters are pradictod by tho blast wave theory. The 
deviation in FigJ2C5a can be attributed to flow interference effects (which 
are apparently small) and/or to slight inaccuracy in the blast wave represent* 
ation of the infiuenja of the injectant flowrate (the blast va’ e theory 
indicates thut ^ ^TVG J which may not bo exactly true for the aprospdke). 
w e 

(C) ComjarigpiL-Bc.t>fgon.Aerc.opik.e--Liguf-..d^and. .G.as. TniQ.ction JPexrC.or'maneg.. Cold- 

flow testing conducted during the Aerodynamic Soszie Study (Ref. 15) 
established the like-lntolike gaseous injection performance characteristics 
to be expected from an aero spike nozzle. Injection parameters studied 
include 1 TVC J ejection location and axial inclination, TVC flowrate 
arid injection velocity, and tho nozzle chamber to ambient pressure ratio. 
Ares ratio of the aerospiko nozzle tested was 25 »1 and its length was 
16 percent of a conical nozzle with equivalent area ratio and throat area. 
Typical results of this investigation axe shown in Pig. 206. 
comparable LITVC data obtained for five-port injection at yJJt « 0,25. 
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Figure 205* Comnarison Between Estimated and Measured SITVC Performance Trenda Using 
the Revised Sheading Coefficient from Fig. 204. 
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SITVC Performance Undine Performance During SITVC 






Reference to Fig. 20fcn .eveals that much lower flown are required to 
produce the same aide force if liquid is replaced by a higib- 
energy gaseous fluid. As indicated, performance trends with the injection 
variables are more pronounced with gaseous injection than with liquid 
injection; it was found in the cold-flow touting tliat those injector 
designs which provide high control moment efficiency for gas injection 
also result in relatively low nozzle performance at the corresponding 
TVC flowrate. Tills characteristic resulted in nearly identical nozzle 
performance during TVC from all of the configurations tested in the cold- 
flow prog’, am as indicated in Fig. 206b. The nozzle performance level 
established by this cold-flow data (Fig. 206b) is significantly 
higher than that obtained with liquid injection, because of the lower 
flows needed to produce equivalent control moments. The high-area-ratio 
bell and H-F nozzle TVC data presented in Ref. 14 indicate that similar 
comparisons can be expected from hofc-flcw gaseous injection TVC systems, 

estimated SITTC Performance For, Pull Scale Engines . To make a more 
meaningful comparison between injectentn and to provide a basis for future 
systems analysis, the data obtained in this program were used to generate 
performance estimates subject to the operating requirements expected 
of future aerospike engine applications. Two methods were used to estimate 
LITVC performance to ensure that realistic efficiencies were obtained. 

The first method involved direct scaling of the LITVC control moment and 
nozzle efficiency data obtained for five-port injection at x/Jt = 0.25 
(Fig. 198 and 200 ) by means of the volumetric flowrate correlation 
discussed earlier. Vith the other method, performance was estimated 
theoretically using the blast wave analysis and corrected for spreading 
losses by means of the revised spreading coefficient obtained for the 
aerospike nozzle tested in this program (Fig, 204), Both method* 
of estimating liquid injection performance should tend towards conservatism 
since the influence of injectant vaporization and (reaction is assumed 
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constant and la believed to be negligible for Uu> nozzle size lasted. 

In reality, these effects become more pronounced as the engine thrust 
level and size increase. Like-into-liko gas injection performance 
vaa obtained through direct scaling of the cold-flow data in Fig. 204* 
Performance of low-energy gas injection was estimated by means of the 
characteristic velocity correlation discussed in Ref. 15* 

(c) High- And low-energy gas injection performance was compared with that of 
liquid fuel and oxidizer injection for two potential aerosplke booster 
engine applications, and an upper-stage engine system. The first of 
these boost applications utilizes a 1.6-million-pound thrust engine 
(pea level)with /50-50 propellants. Chamber pressure of the engine 
is 2000 psia, and the area retio of the aerosplke nozzle is 55* The 
other booster engine also operatas with a chamber pressure of 2000 psia. 
Propellants in the latter case are LO^/LBL,, sea-level thrust is 24 million 
pounds, aiul the area ratio of tho nozzle is 78. Vacuum thrust of the 
upper stage engine is 25CK; area ratio of the aerosplke nozzle la 78. 

This engine operates with LO^/LH^ propellants at a chamber pressure of 
1500 psia. Thrust vector control requirements expected of these engines 
are shown in Fig. 207. 

(c) Results of this ana’ysis are presented in Fig. 208 through 210. Reference 
to Flg.208 reveals that in-flight engine performance with liquid injection 
TVC is considerably lower than when gas injection is used for TVC in 
typical storable propellant booster engine applications. Comparison 
between Fig. 208a end Fig. 206b shows that similar results are obtained 
for both methods of LXTVC performance prediction, but the influence of liquid 
injectant properties is more pronounced for performance data generated 
using the volumetric flowrate correlation. Liquid hydrogen injection 
can be expected to provide in-flight performance comparable to low-energy 
gas injection TVC in a typical LQX/Hg booster engine system as Shown in 
Fig, 209. The data in Fig.210 indicate that similar results are 
obtained from upper-stage LCOC/H^ engines j 
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Figure207* Typical In-Flight TVC Duty Cycle Requirements, 





























Figure 206 • In-Flight Performance loss Associated With Fluid Infection TVC for a Lov^ 
Storable Propellant Booster Engine, Thrust -1.8 Millie* Pounds in Fig. ! 

















Flowrate Correlation (Liquid) Empirical Blast Wave Theory (Liquid) 

209 • In-Flight Performance Lose Associated with Fluid Injection TVC for a High Thrust O-j/Hg 
Booster Engine (F ■ 24 Killion Pounds in Figure 207») 




















(c) It can be Been that in all eases liquid fuel injection affords higher engine 

specific impulse efficiency than liquid oxidizer injection. However, 

liquid fuel injection also results in much lower density impulse than 

obtained with liquid oxidizer injectants. For example, the tank mixture 

ratio for the UXZ/'d^ booster engine (engine HR without TVC is 6.0) with 

liquid fuel injection (Fig, 209 ) in approximately 5.6 for the mission shown 

in Fig2C7 as opposed to the more favorable mixture ratio of 6.7 if liquid 

oxygen is utilized for thruat vector control. A detailed systems study 

is required to determine the overall merits including total system weight, 

of each injectant. The data in Fig. 209 indicate that liquid injection 

with or (50-50) is not competitive with practical (low 

energy) gaseous injection TVC systems. However, LCK/Hg engines utilizing 

either liquid fuel or oxidizer as the TV^ injectant nay be competitive since 

both fluids are expected to exhibit much more favorable vaporization and 

reaction characteristics than the N„0 data which was used as the basis 

«- 4 

for the above analysis. 

CONCLUSIONS AND RECOMMENDATIONS 

(C) The performance data obtained in the hot-flow test program discussed above 
lead to several conclusions regarding engine efficiency and liquid 
injection thrust vector control with an a^rospike nozzle. These conclusions 
are as follows* 

1, Measured thrust efficiency (without TVC flow) at design pressure 
ratio of the aero3pike engine tested in this program was 95.1 
percent without secondary flow and 95-2 percent with secondary flow. 
The measured thrust efficiency without secondary flow was 0.8 
percent above the theoretical estimate. The difference is 
probably attributable to variations between the theoretical and 
actual geometries and gas properties. 
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2. Test data indicate that a lurgu degree of altitude compensation 
was obtained with this aeroapike online in the range from 100 
to 5 percent ol“ design pressure ratio. 

3. SITVC side-force ef'iciency trends were as expected for the most 
part, indicating that the effects of the injection variables can 
be qualitatively determined through analysis. 

a. Multiport injection is superior to single-port injection; 
five-port injection provided the highest side-force efficiency 
of the configurations tested. 

b. Parallel-stream injection affords higher performance than radial- 
stream injection. The axial port inclination did not influence 
performance in the range tested. 

c. Port spacing did not influence performance at x/jL = 0.7, 

but the influence of this parameter is expected to be variable 
with axial location. 

d. Side-force efficiency is higher if the TVC flow ia injected 
near the throat than if injection is affected near the nozzle 
exit. 


4. Control moment and nozzle performance trends with the injection 
variables are dependent upon the vehicle application, 
a. For r^/h = 0.25, (typical boost vehicle) control moment and 

nozzle performance trends duplicate side force efficiency trends 
with variations in the injection parameters* 

»• Ifryh.1.0 (typical upper stage' three port injection appears 
to be optimum at i/JL. a 0.25; also, multiport injection near 
the nozzle exit provides higher performance than injection 
near the threat. 
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(c) 


5. LlTVC performance with an aerospilce nozzle is gonerully loss 
than that obtained with other nozzles because of the relatively 
ohort lecgth of the aeroapika. 

6. Sapirical coefficients utilized in the blast wave analysis of 
secondary injection flow phenomena nust be revised to obtain 
quantitative agreement between experimental and theoretical 
performance for the configuration tested* 

7* Application of the teat results to typical advanced engine- 
vehicle configurations shows that liquid injection 

TVC systems are not competitive with 

gas injection ^ stems from .he atandpoint of in-flight engine 
performance with TVC* However, this TVC technique may be 
attractive for application to LC^/LHg engine systems. 

If the relatively low TVC performance obtained in this program is 
the result of negligible vaporization and reaction within the nozzle* 
then performance may be improved through bipropellant injection. However, 
.since maximum injectant collimation and penetration is desirable at 
the injection port (Sef. 12), the second fluid (fuel or oxidizer) should 
be injected downstream of main port as shown in Pig. 211 to snsure that 
the initial structure of the injectant stream is not impaired. Injectant 
stay time should be increased, and mixing and atomization efficiencies 
should also be improved downstream of the injection port. An attractive 
source for the secondary TVC flow is the high-temperature, fuel-rich 
flow available in the form of excess turbine exhaust gases. 
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The test results presented herein have established the level of S1TVC 
performance to be expected for injection with an aoroapike nozzle, 
and have verified expectations regarding the influence of the injection 
parameters. While the performance of liquid injection woo relatively 
low with the engine tested, several techniques not investigated may 
prove attractive pending further study. Liquid UUKH/(50-50) should 
provide higher performance in storable propellant engines, particularly 
if exothermic decomposition occurs within the nozzle. Both LOg and 
1^2 216 expected to yield higher performance than that obtained in this 
program because of their more favorable reactivity and vaporization 
character!sties. Bipropellant injection techniques such as that 
suggested above are attractive because of their potential for chemical 
reaction without having to rely on mixing with mainstream gases. 

Tertiary LITVC propellants such as perclorate solutions or hydrogen 
peroxide may be advantageous as indicated by the high performance shown 
for these fluids in Refs. 10 and 17 ■ Gaseous injection TVC also yields 
relatively high performance as shown by the cold-flow data in Fig. 206 ,but 
further work is needed to quantitatively establish the performance of 
low energy gas injection systems. It ■ s therefore recommended that 
studies be initiated to more fully investigate these possibilities. 

Complete evaluation of the SITVC concepts described above would entail 
the following* (l) comparative systems analysis of operational engine 
systems that utilize all of the forms of SITVO mentioned above, (2) develop¬ 
ment and/or refinement of theoretical SITVC performance and design 
analysis for both liquid and gaseous injection with emphasis on aeroapiko 
nozzle geometry, and (j) further hot- and cold-flow experimental study 
of various liquid and gaseous injectants. 
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(c) The system design studies should include eval’iation of engine weights, 
cost, controls, and reliability as well cs performance. Stress and heat 
transfer analysis should be performed to establish application restrictions, 
if any. 

(c) The theoretical studies should be conducted to establish a basis for 
accurately determining induced pressure profiles and side forces for 
fluid injection TVC, TM 3 theory should incorporate provisions to 
establish the influence of injectant reaction (and vaporization if the 
injectant is a liquid) and to determine if injectant stay time and 
mixing is such that reaction will occur. For liquid injection, the theo~ 
retical models used in this program could be refined as proposed in 
Ref. 18 and 19 . The primary objective of the theoretical 

study should be to determine attractive injectants, both inert and react! e, 
and establish performance and design criteria for their use in advanced 
aerospike SITVC systems. 

(u) Experimental studies should be conducted to support the theoretical analysis 
where necessary, and to provide required information in areas not covered 
by analysis. 
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APPENDIX 1 


TrtELVE PZRCF.ET LSKCTH AER0SP1KE DATA SUMMARY 

(o) a compilation of hot-firing data obtained v/ith the twelve percent length 
water cooled aerospikc is presented. Performance parameters /thrust, I a , 

°V c* * ft I * H I * C T‘ C T ' ( Wef tJ heat 1088 

r p s s ( top top ^ 

water content factors applied to them. The values of the factors applied 
are presented in Table . 

(u) Performance parameters are presented vs. time for each test. For the sea 
level tests (RD designation), TIME 3 0.00 corresponds to ignition. For the 
AA test reries, TIME 3 4.70 is thrust chamber ignition. For the AB and AC 
series, TIME s 3.9:’ is ignition. Peak thrust occurs within approximately 90 
milliseconds for all tests. 

(U) An explanation of the Headings in the data summary is given below. 

TIKE - Arbitrary reference time during firing, seconds 

LAKBDAP - P c /P a> primary nozzle stagnation pressure to ambient pressure ratio 

PA - P ft , ambient pressure,psia 

PC - P Q . primary nozzle stagnation pressure, psia 

PCS - P n , G.G. stagnation pressure. ps.a (PCS s 0.0 designates GG is not 

c *' firing.) fr ie actually approximately equal to P„ at this time.) 

^ C#B a 

PB - P 3> Average nozzle base pressure, psia 

P - Measured thrust adjusted for heat loss, pounds 

US/WP - v J* p» Secondary to primary flowrate ratio 

ys/WP,BFF - (w & /ir p )(c*Effective Secondary flowrate ratio 

VT - vr^,, Total engine propellant flowrate, pounds/sec. 

KFP - KSp, Primary thrust chamber propellant mixture ratio 
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COSOM 


KBS - KR S » G.C. propellant mixture ratio 
IS - I g s ?/Sr T » Engine specific impulse, sec. 

A* - A # p s *9693 kp. Primary nozzle aerodynamic throat area* sq.in. 

EPSILON* - C # (= A*^/A e ) i Primary nozzle aerodynamic area ratio 

pb/fc - p b /p o 

PB/PA - Pg/P a 

C*S - C* . G.G. characteristic velocity* ft./aec. 

8 

C*P - C* , Primary thruat chamber characteristic velocity (adjusted for heat 
p loss) ft./aec. 

i:C*P - |7 (s C* /C* fVl )» Primary thruat chamber characteristic velocity 
p P P» ■ efficiency (C* ^ adjusted for water coolant), 
ft./aec. p '“ 


KC*S (s C* 8 /c* a ^)» G.G. characteristic velocity efficiency, ft./sec. 

KIS - )]_ /Z F/(? .. + P Engine specific impulse efficiency referenced 

^a p ' 'to theoretical primary and theoretical 

secondary propellant properties. 

1!IS,T0P t & P/P_ *^(l + w/w )/. Engine specific impulse efficiency 
a,top p * ~ referenced to theoretical primary 

propellant propertied. 


CT - C_ £* ?/(Yl „ F + Y[ F th^-7' Kozale 1 ^ rus ' t efficiency referenced 
A p p# ^ a * to theoretical primary and secondary 

propellant peroperties. 


CT.TOP 


C T,top & 

P 


? th(l * *-/*Nozzle thrust efficiency 
p ’ p refer®need to theoretical primary 

propellant properties. 


(c) Tabulated values of were computed from measured base pressures and 

the averaging equation (p*117). Analysis of the last two seconds of 
each test during which the GO was shut off indicated that base throat was 
higher than that computed by the average base pressure method for the 
AC test series. It is therefore recommended that Pg/P^ values for thia 
series he increased by the following amounts t 


laa l APg/p e 

AC 14, 16 100062 
AC 19,20 .00044 
AC 13,15,17,18,a .00048 
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TABI£ 16 

BEAT LOSS AM) ,'ATER CONTENT FACTORS APFIIED TO MEASURED AND THEORETICAL 


t 

i 

j 

Test 

AI Sec. 

®H.L. 


Al. see. 

V- 

Tic* 

^ HpQ 

i 

i 

RD69 

+6.27 

.9902 

“0.30 

.9987 


71 

+6.05 

.9906 

-0.30 

.9987 

•; 

01 

+ 6.16 

.9904 

-0.30 

.9987 

>, 

02 

+7.65 

.9878 

-0.30 

.9987 

j 

03 

+3.25 

.9872 

-0.30 

.9987 

i 

05 

+9.23 

.9856 

-0.20 

.9994 

; 

06 

+9.00 

.9860 

-0.20 

.9994 

5 

08 

+9.12 

.9858 

-0.20 

.9994 


09 

+9.33 

• 9853 

-0.20 

.9994 


AAQl 

+6.90 

.9891 

-0.26 

.99915 

1 

02 

+6.70 

.9896 

-0.26 

.99915 

< 

j 

03 

+7.16 

, .9888 

-0.26 

.99915 

) 

A303 

+7.37 

.9884 

-0.21 

.99937 

, 

09 

+7.37 

.9884 

-0.21 

.99937 


10 

+7*56 

.9881 

-0.21 

.99937 

» 

11 

+7.79 

.9878 

-0.21 

.99937 

f 

12 

+7.94 

.9875 

-0.21 

.99937 


AC13 

+7.88 

.9874 

-0.19 

.99943 


14 

+7.54 

.9833 

-0.19 

.99943 

• 

15 

+8.29 

.9869 

-0.19 

.99943 


16 

+8.26 

.9867 

-0.19 

.99943 


17 

+8.13 

.9871 

-0.19 

.99943 


18 

+8.06 

.9874 

-0.19 

.99943 


19 

+7.91 

.9876 

-0.19 

.999*3 


20 

+8.20 

.9872 

-0.19 

.99943 


21 

+7.91 

.9876 

-0.19 

-99943 
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HUT - FIRING TEST DATA — 12 PERCENT LENGTH ALRQSPIKE NOZILE 
TEST NUMQfcK AA32, PAGE 2 
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Theoretical Secondary Properties Outside the Range of Data Reduction Program. 
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APPENDIX 2 


DATA REDUCTION PROCEDURES USED IN THE EXTERNAL FLOW INVESTIGATIONS 








APPENDIX 2 


DATA SEDUCTION PROCEDURE USED IN THE EXTERNAL PLOW INVESTIGATIOH 

(u) The basic data measured during each teat are listed in Table yj . The 
relations utilized to convert these data to parameters representative 
of atill air and slipstream performance are discussed below. 

(u) Average pressures acting across the forward face of the engine, the 
base of the missile body, and the engine base were obtained from the 
measured pressure and area data (see Pigs. 116 and 212 ) by means of 
the following relation* 


?. £. ** - (i) 

(o) These average pressures were used in conjunction with chamber pressure 
(corrected for gas velocity in the chamber) and cell pressure to form 

the ratios: Pg/? c , P^/P^ , ? c /p"g , and Pg /P . Measured thrust was 

v v 

corrected for initial readings before each test. A thrust correction 
wae also made for cases in which a pressure unbalance occurred between 
average engine and missile base pressure using the relation: 


'h - P ,**T < 5 w - 5 b> 

V 


( ? ) 


(u) Specific impulse efficiency based on free stream conditions is defined 

is* 


*H * ** P co ^ A e 


X « )co ^idp + ? id^ p^/j 


( 3 ) 


TABLE 17 

DATA MEASUREMENTS 


Parameter 


! Tnrust, Axial 

J Primary Cha. Preos. 

! Primary Cha. Press. 

; Pricary Cha. Press. 

Secondary Oha. Press. 
| Primary Inj. Press. 
Secondary Inj. Press. 
Nozzle Base Pressure 
Nozzle Base Pressure 
Nozzle Base Pressure 
Nozzle Base Pressure 
Nozzle Tall Pressure 
Nozzle Wall Pressure 
Kinsile Base Pressure 
Missile Base Pressure 
Missile Base Pressure 
Missile Base Pressure 
Missile Skin Pressure 
Engine Face Pressure 
Engine Face Pressure 
Engine Faco Pressure 
Engine Face Pressure 


Location 

(Refer to 

Fig. 116 ) 

Amplitude 

Facility 

410 

P9 

200 

P8 

200 

P10 

200 

P'3 

200 

P2 

225 

PI 

225 

?4 

Variable 

P5 

Variable 

P6 

Variable 

?7 

Variable 

Pi 6 

50 

P19 

.5 

Pi 3 

Variable 

F14 

Vari able 

P15 

Variable 

P26 

Variable 

P27 

Variable 

P22 

Variable 

PI 2 

Variable 

P23 

Variable 

P24 

Variable 





TABLE 17 
(Continued) 
DATA MEASUREMENTS 


Parameter 

Location 

(Refer to 

Fig. 116) 

Amplitude 

Engine Face Pressure 

Pi 1 

Variable 

Engine Face Pressure 

P25 

Variable 

Balance Pressure 

P17 

Variable 

Balance Pressure 

P18 

Variable 

Balance Pressure 

P?1 

Variable 

Balance Pressure 

P28 

Variable 

Primary Cha. Temp. 

T2 

1400 

Primary Cha. Temp. 

T3 

1400 

Secondary Cha. Temp. 

51 

1400 

Base Temperature 

T4 

1400 

Primary Flowmeter 

Facility 

2.460 

Secondary Flowmeter 

Facility 

0.025 

Peroxide Tank Pressure 

Facility 

300 

Cell Prose, (static) 

Facility 

Variable 

Cell Temperature 

Facility 

Variable 

Cell Press. (Total) 

Facility 

Variable 

Slot Pressure 

P20 

Variable 






(u) Vhea referenced to the miaaile bam pressure this relation becomes: 


*/ H _ 

(?.. * J? id ) 
ld p id a P./P 


(4 ) 


c 


VU) The quantities and ? id aie obtained from the following relation 

* f idl 




id'P./P 
c 


w c* 


ii 


(5 ) 


id»P fi / P 


where flowrate corresponds to the measured value for each teat and the 
ideal thrust coefficient C ? and characteristic velocity C* are obtained 
free computed ideal performMce of the decomposition products of hyir'^en 
peroxide at tha correct concentration ana islet temperature. Thrust 

efficiency Gy is obtained from eqs ( 3 ) and ( 5 > by correcting the ideal 
thrusts in. these relations for the measured decomposition temperature of 
the primary and secondary gas flows which is essentially a characteristic 
velocity efficiency correction. This results in the following relations 
for tlrruat efficiency: 


I 


i 


i 


c T ) 



( 6 ) 


P /? 

C 00 


440 





441 






(U) Kiasion paranoters appllcablo to the txujeotoriea la FI gn. 100 “»d 101 are 
listed 1a Table 18. Pertinent performance and pressure data obtained 
using the above procedure ore listed for each test in Appendix 3 • 
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Note: Ideal Decomposition Temperature was 1840 °R and 1851 °R for Ve3ts 5 through 59 and Teat* 4? 

through 52, respectively. Ideal Characteristic Velocity was 5066 ft/sec and 30o1 ft/sec for 
Teats 3 through 39 and Teste 42 through 52, respectively. 
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Note: For these tests Ideal Decomposition Temperature was 1830 °R, and 
Ideal Characteristic Velocity was 3110 ft/sGe. 



























APFENLU 4 

DATA REDUCTION ANXi ANALYSIS PROCEDURE 
FOR TVC PROGRAM 
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APF ENDEC 4 

DATA REDUCTION AND ANALYSIS PROCEDURE FOR TVC PROGRAM 

(o) The basic parameters measured during each teat are listed in Table 19. 
The measurement* were used to compute nozzle performance with and without 
TVC, and side forces and total control momenta generated during TVC 
operation. The methods by which these parameters were determined in this 
test program axe discusead in the folio lng paragraphs. 


BASIC ENGINE PERFORMANCE 


(u) Nozzle performance waa computed as it was for the 12-pereont length nozzle. 
Beat loss and propellant impurity corrections were obtained from the 
theoretical data presented previously after computing the heat loss and 
propellant water content as followst 


^HgO + (450) 

(ft ) (205.0 


Percent H„0 =* (Percent ELO in oxidiz e rUHR-) 4 (Percent H r 0 in fuel) 

rrcHSpT* 


(u) The constants in the heat loss relation were adjusted from those obtained 
for the 12-percent length nozzle to accc’.vat for the revised hardware 
geometry and operating conditions, Soeciflc imoulse corrections, AI 

and AI , and the characteristic velocity corrections, *7-^ and 
\0 ~H.Ii. . 
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TABLE 19 

7VC El.’SIiG K2A2UEED PARAMETERS 


PARAMETER 

. _ 

SYI<B0L 

LOCATION 

NOMINAL 

VALUE 

iriSTKUMKRT 

RANGE 

r 

Force, wounds 





Axial 


Facility 

5600 

0-10,000 

Fore Yaw 

;tf 

ya 

p 1 * 

Facility 

0-10 

0-1000 

Fore Pitch 

Facility 

0-10 

0-1000 

Aft Yaw 

Facility 

0-100 

0-1000 

Aft Fitch 

Facility 

0-10 

0-1000 

Roll 

Facility 

0-20 

0-1000 

Primary Chamber 




0-300 

Pressure, Psia 

PC-1 

P3 

200 


PC-2 

!M 

200 

C-300 


PC-3 

P5 

200 

0-300 

Primary Injection 
Pressure, Psia 





Oxidizer 

POT 

PI 

330 

0-500 

Fuel 

FFJ 

P2 

360 

0-500 

Secondary Chamber 




0-100 

Pressure, Psia 

PCS—1 

P8 

100 


KG—2 ' 

P9 

100 

0-100 


PCG-3 

PIO 

100 

0-100 

Secondary Injection 
Pressure, Psia 





Oxidizer 

POJG 

P6 

145 

0-500 

Fuel 

FFJG 

P7 

150 

0-500 

Oxidizer 

POJC-1 

Facility 

200 

0-500 

Fuel 

FFJG-1 

Facility 

175 

0-500 

Base Pressure, Psia 

PB1 

P22 

1 

0-25 


' PB2 

P23 

1 

0-25 


P33 

P ?A 

1 

0-25 


PBi 

P29 

1 

0-25 









TABUS 19 

TVC EPGIK2 KSASGaiD ?A£AKET£RS 


! 

PARAMETER 

SYMBOL 

LOCATION 

NOMINAL 

VAl/JE 

INSTRUMENT 

RANGE 

1 Tort** nounda 





Atial 

F. 

Facility 

5600 

0-10 000 

Pore Ta» 

% 

Facility 

0-10 

0-1 ox 

Pore Pitch 

Facility 

0-10 

0-1000 

j Aft Yaw 

Facility 

0-100 

0-1000 

Aft Pitch 

Facility 

0-10 

0-1coo 

Roll 

Facility 

0-20 


Primary Chamber 




0-300 

Pressur - 3 Psia 

PC-1 

P3 

200 


PC-2 

PA 

200 

0-3C0 

Primary Injection 
Pressure, Psia 

PC-3 

PS 

200 

0-500 

Oxidizer 

pa; 

PI 

330 

C-5X 

Fuel 

PFJ 

P2 

360 

0-500 

Secondary Chamber 





Pressure, Paia 

PCG—1 

P8 


0-100 


PCG-2 

P9 

100 

0-1X 

Secondary Injection 
Pressure, Psia 

PCG-3 

P10 

100 

0-100 

Oxidizer 

PQJG 

P* 

145 

0-500 

Fuel 

PS’JG 

P7 

150 

0-500 

. Oxidizer 

POJC-1 

Facility 

200 

0-500 

Fuel 

PPJG-1 

Facility 

175 

0-500 

Base Pressure, Pr-ia 

PB1 ' 

P22 

1 

0-25 


PB2 

?23 

1 

0-25 


PB3 

P2A 

1 

0-25 

... 

PB4 

P 29 

1 

0-25 

- - -- 


Base Pressure, Pms 









TABUS 19 


(Continued ) 


PARAMETER 

SYK30L 

LOCATION 


■non 

Nozzle Skirt Pressure, 





Peia 

PNS-l 

P25 

3 

0-25 


PNS-2 

P?6 

3 

0-25 


h;s-3 

P27 

3 

0-25 


PN3-4 

P28 

3 

0-25 

Outer Nozzle Pressure, 





Psia 

PH-1 

P15 

Ambient 

0-25 


FN-2 

PI 6 

Ambient 

0-25 

' 

PS-3 

P17 

Ambient 

0-25 


Ri-4 

PIS 

Abmient 

0-25 


PN-5 

P19 

Ambient 

0-25 

Secondary Chamber 





Temperature, F 

Tca-i 

T3 

1600 

0-2000 

TCG-2 

T4 

1600 

0-2000 

Water Temperature, ¥ 





Inlet 

TV1 

Facility 

Ambient 

0-150 

Outlet 

TWO 

Facility 

160 

0-250 

Primary Flo*, lb/sec 





Oxidizer 

WOP 

Facility 

12.5 

0-23 

Fuel 

WFP ■ 

Facility 

7.5 

0-8 

Secondary Flow, Ib/oec 





Oxidizer 

wos 

Facility 

0.03 

System AP 

Fuel 

WPS 

Facility 

0.30 

System AP 

T7C Flow, lb/sec 

WTVC 

Facility 

0-6 

0-6 

Coolant Water Flow, 





lb/see 

WCW 

Facility 

60 

0-120 

Primary Tank Pressure 





Oxidizer 

prop 

Facility 

- 

- 

Fuel 

vm> 

Facility 











TABLE 19 
(Continued) 





NOMINAL 

INSTRUMENT 

PARAMETER 

SYMBOL 

LOCATION 

VALUE 

RANGE 

Secondary Tank Pressure 





Oxidizer 

PTOS 

Facility 

- 

- 

fuel 

FTPS 

facility 

- 

- 

TVC Tank Pressure 





TVC Purge Pressure 
(Lina), Paia 

PPLT 

facility 

Variable 

0-500 

Primary Line Tenp., ? 





Oxidizer 

TLOP 

facility 

Ambient 

0-60 

fuel 

TLFP 

. facility 

Ambient 

0-60 

Secondary Line Temp, F 





Oxidizer 

TLOS 

Facility 

Ambient 

0-60 

fuel 

TLFS 

Facility 

Ambient 

0-60 

TVC Line Teap., F 


Pacility 

Ambient 

0-60 

Water pressure (inner), 
Psia 





Inlet 

PW1I 

Inlet Tee 

730 

0-1500 

Outlet 

FrfOI 

Outlet Tee 

160 

0-1000 

Water Pressure (Outer) 
Peia Inlet 

PWIO 

Inlet Tee 

520 

0-1500 

Outlet 

PWOO 

Outlet Tee 

220 

0-1000 

Cell Pressure, Psia 

P a 

Facility 


0-15 










(u) 


^*^0, ws giver *0 functions of Q and percent H 2 O in • previous auction. 
Values of those factor* applied to each teat are given in Table 20. 
Specific impulse efficiency was obtained free 




F . + r . 

opt p opt s 


where 


F - meesured axial thrust corrected for impurities and heat lose 


* V <AI a ) v 

1 a.L. p 


v ( v 4 V‘ t 

P « 


*opt “ *• * (Or I. for topping cycle specific impulse efficiency) 


’opt 


opt 


where I * theoretical shifting equilibrium specific impulse at 
s opt 


P A (Pi «* 213 and 214). 


The thrust and efficiency data in Tables 13 and 14 are measured values 
corrected to «0.7 psia. Characteristic velocity (C*) efficiency is 


defined ast 


71 « -L<£fifs2-- 


V 




c* = 


°s • ® 

c*+ h w 

th,j a 
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mmm 


TABI£ 20 


HEAT LOSS FACTORS APPLIED TO MEASURED TVC DATA* 

CONFIDENTIAL 


Teat 

“Vi. 

Al (Sec) 

®H.L. 

1** 

0.993 

6.0 

HA01 

0.991 

5.7 

BA02 

0.991 

5.6 

BA03 

0.990 

6.0 

BA04 

0.990 

6.0 

BA05 

0.990 

6.0 

BB06 

0.990 

5.9 

BE07 

0.991 

5.6 

BBOe 

0.991 

5.8 

BB09 

0.991 

5.6 

BB10 

0.991 

5.5 

BB11 

0.991 

5.6 

BC12 

0.991 

5.6 

BC13 

0.991 

5.9 

BC14 

0.991 

5.9 

BC15 

0.991 

5.9 

BC16 

0.991 

5.9 

BC17 

0.991 

5.9 

BC1« 

0.990 

6.0 

BD19 

0.990 

6.5 

BD20 

C.990 

6.3 

BD21 

0.990 

__ 1 

6.7 


* 1 .000; Al = 0.0 Sec. 

' HgO V 

**Eocketdyne Sea-Level Checkout TeBt. Factors 
vere assumed. 
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wher* 


C*^ * Theoretical shiftily equilibrium characteristic velocity (Pig* 

215 and 216 ) 

P c = PC-3/0.996) 

A* - 1.0135 % A 
* * meaa. 

where Cg is the theoretical throat discharge coefficient (« .9693). 

...40,85) i. 

(*j) jls iodicated» the primary throat area was increased by a factor of 1.35 percent 
to account for the change in throat area during this teat up to the time at 
which all reference data were computed. This correction was obtained in the 
same manner as for the 12-percent length engine but waa constant throughout 
the TVC testing. The nozzle thrust efficiency exclusive of combustion chamber 
effects and combustion efficiency vaa obtained from: 


r C* +? 


Topping cycle thrust efficiency was obtained from* 

0 „__ 

T ‘°p *«, Wo* +K tTW~ 


L1TVC PEHFOBKAUCB 


(u) The unbalanced forces generated during liquid injection TVC were corrected 
for initial thrust misalignment (determined from average force.data obtained 
during the 0.5-seccnd period prior to signalling for TV® flow), and used 
to compute induced forces and control moments about a reference axis in 
the throat plane as follow* 

? » * 7 TP^TVC " F rPref ' .\ 

? YA " ? TlW ~' ? TA) ref 

'a “ P T “ P YA * P YF 

m ** ^ P YA ^ ^1 + *^2 
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Oxidizer-to-Fuel Mixture Ratio, MR 


Figure 215. Main Engine Theoretical Characteristic Velocity 



















(fl) Tile dimenuioalesj moment about an ax'bitrary axis ft distance h from the 
reference plane (nondiaeneionalised in teres of the reference thrust 
without TVC and the distance, b) vaa found front 

M _ r »* *! fa 

V V. h 



where the dimensionless axial thrust and axial thruat displacement were 
combined to form a new quantity designated ua the diaoaaionleaa off-center 
force. This quantity may be interpreted as a fictitious force aligned in 
the axial direction (i.e., parallel to the engine centerline) which 
produces a moment about the reference axis that is equivalent to the 
momenta produce, by the secondary injection system as shown schematically 
in Pig. 217. Thus, 



ft) The off-center force is a fictitious quantity in that it contributes 

nothing to the axial thrust of the nozzle even though it has been defined 

above as s fores vector acting in the axial direction. However, repre- 

aenting the TVC effectiveness in this fashion enables a more convenient 

comparison of injection methods since only two quantities, F_ and F , 

o cc 

are needed to establish a control moment for a given geomstry; also, 
nozzle performance and TVC effectiveness comparisons can be examined 
separately. 


f 

'/ 


| 

i 

( 


mmm»n WMaiNt; 
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Timurs 217 . TJnbalancod ?orc»a irith Secondary Inaction TVC 




(u) 


Engine p»rforaance during TVC was represented in teres of the change in 
engine specific impulse with a change in TVC flowrate. This quantity was 
computed from: 


AX . 


/ 1 + (A Wr v > \ 

' 1 + W TVC/W p / 


where: 


* P A = P m 


- r 


'TVC 


'REF 


{ 


and reprerents the charge in engine thrust (vacuum) during TVC. 


(ir) a commonly used representation of the monant produced under various in- j 

| | 

jectioo SITVC conditions is the equivalent gimbal angle which is defined j ; 

as the angle to which the engine would have to be gimbaled about the : 1 

rsferer-ce plane to produce a moment about the vehicle center of gravity ■ 1 

:«hicfc is equivalent to the moment generated by fluid injection. This f 

euui*.ulence is illustrated in the sketch below. ] 




(u) For the giobaled engine: 


sin <P 


r h 


V 


Oba. 

V 


or 


4 = 


Arcain 


[W 


(U) Thus, for the fluid injection system: 


f n "j 

C-Vun n t t-i I I 


*e 

y oc 

r e ~ 

* «rcain| j* j 

- arc sin 


*v 

h 


(U) “The quantities: ? Jt Hy. , F fl , ? co , ? k , V wc » sore computed from the data 
obtained during the last 0.5-second time interval during each teat, and 
sere used to form the basis for present ng and comparing nozzle performance 
during TVC, and the 77C effectiveness of the various injection techniques. 
Comparisons were made in terms of quantities designed to characterize 
various specific aspects of fluid injection operation. The effectiveness 
with which the SITVC eystem generates «ride thrust if often represented in 
terms of a side thrust amplification factor defined as: . 
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(tj) A similar quantity can he useJ to represent the off-center thruet 
efficiency and in defined as: 


** S 


f Jf 

ocr ▼ 
^TVC/t 


(u) For the aemspike, the total efficiency of the system oust reflect the 
■ influence of both forces so that the control moment efficiency 'becomes: 

* = V >* [r] 

(u). Of interest in the design of engine systems utilizing LITVC is the 

location of the resultant induced force vector along the contour. If it ia 
assumed that flow interference effects are negligible and that injeetant 
momentum is small compared to the induced pressure force so that discrete 
forces normal to the nozzle vail are produced downstream of each port* the 
effective location of the induced force vector can be ascertained from the 
test data and the nozzle geometry^Fig. 218) by considering the following: 



k * 1 

?) f A « f 8 tan * 


3) f it constrained to lie on the curve x ** f(x) where x And 
f(x) are the coordinates of the nozzle contour. 
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(u) fhuai 


n=l £dL- 

2 2 

M T “ f g| 1 +2 C coe k^l x - (Af 4 ) t +?^ooak 

L k * 1 J L k « 1 

or 

K_ 

X - y— + f(x) tane<, 

(u) Since f(x) tan c* is known, the .quantity x can bo obtained through an 
iterative solution of the above equation using the measured v&luea of V 
and My. Unless flow interference effects are severe, the aboTe relation 
reoaine qualitatively correct even if these phenomena do occur. 
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